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Potential Biocontrol Agents of Corn Tar Spot Disease Isolated from Overwintered Phyllachora
maydis Stromata
Reprinted from: Microorganisms 2023, 11, 1550, doi:10.3390/microorganisms11061550 . . . . . . . 205

Guobing Cui, Xinping Bi, Shan Lu, Zide Jiang and Yizhen Deng
A Genetically Engineered Escherichia coli for Potential Utilization in Fungal Smut Disease
Control
Reprinted from: Microorganisms 2023, 11, 1564, doi:10.3390/microorganisms11061564 . . . . . . . 215

Fuyong Lin, Yufei Mao, Fan Zhao, Aisha Lawan Idris, Qingqing Liu, Shuangli Zou, et al.
Towards Sustainable Green Adjuvants for Microbial Pesticides: Recent Progress, Upcoming
Challenges, and Future Perspectives
Reprinted from: Microorganisms 2023, 11, 364, doi:10.3390/microorganisms11020364 . . . . . . . 229

vi



About the Editors

Rainer Borriss

Rainer Borriss is a professor emeritus at Humboldt University, Berlin. He received his Ph.D.

degree from Martin Luther University, Halle/Saale, in former East Germany. After working for

several years in the industry, he joined the Institute for Plant Breeding (IPK) in Gatersleben and was

appointed chair for Bacterial Genetics at Humboldt University in 1992. His research was focused

on the sequencing and genetic engineering of microbial glucanases and Bacillus genetics. He was

involved in the Bacillus subtilis genome project, one of the first bacteria to be wholly sequenced.

Within the last two decades, his research has been mainly directed at plant growth-promoting

bacteria. After sequencing the genome in 2007, Bacillus velezensis FZB42 was established by many

of his research contributions as a prototype for plant-associated Gram-positive bacteria capable of

suppressing plant pathogens. His scientific work led to 310 items, including 174 articles, and 18 book

chapters with 21690 citations, corresponding to an h-index of 67 (Google Scholar). He has presided

over many scientific projects sponsored by the Deutsche Forschungsgemeinschaft (DFG) and the

German Ministry of Education and Research (BMBF), including international collaboration projects

with China and Vietnam. He was a visiting professor at the China Agricultural University in Beijing

and the China Northeast Forestry University in Harbin and has received several awards, such as the

national award for science and technology (Nationalpreis).

Chetan Keswani

Chetan Keswani is the Head of the Agro-Biotechnology Laboratory at the Academy of Biology

and Biotechnology, Southern Federal University, Rostov-on-Don, Russia. He has a keen interest

in the regulatory, commercialization, and intellectual property aspects of agriculturally important

microorganisms in Asia. He is an elected Fellow of the Linnaean Society of London, UK, and received

the Best PhD Thesis Award from the Uttar Pradesh Academy of Agricultural Sciences, India, in 2015.

He is an editorial board member of several reputable agricultural microbiology journals and has

edited ten books on the subject. For his editorial endeavors, he was awarded the Publons Top Peer

Review Award in Agricultural Sciences (2018); the Outstanding Editor Award (2019) by Archives of

Phytopathology and Plant Protection, Taylor and Francis; and the Springer Society Award (2020) for

excellent contribution to the journal Environmental Sustainability, Springer Nature. In addition, he has

been listed among the World’s Top 2

vii





Citation: Borriss, R.; Keswani, C.

Biological Control of the Plant

Pathogens. Microorganisms 2023, 11,

2930. https://doi.org/10.3390/

microorganisms11122930

Received: 4 December 2023

Accepted: 5 December 2023

Published: 6 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

microorganisms

Editorial

Biological Control of the Plant Pathogens
Rainer Borriss 1,2,* and Chetan Keswani 3,*

1 Institute of Biology, Humboldt University, 10115 Berlin, Germany
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(This article belongs to the Special Issue Biological Control of the Plant Pathogens.)
The ultimate effects of crop losses manifest in the form of insufficient food production

and chronic hunger. The gravity of this issue is rapidly being amplified by the rises in
urbanization, climate change, and emerging pests and pathogens, and the deterioration of
soil health. As an environmentally friendly alternative to chemical pesticides, microbial
biocontrol agents (BCAs) have attracted global attention due to their ability to ensure
food security by directly halting pre-harvest crop losses and, thereby, improving crop
productivity [1]. Despite the substantial progress achieved in our understanding of plant
microbe interactions in recent years, developing more efficient BCAs remains a constant
task. The current advances in biocontrol science and technology and the avenues for future
research are reflected in the contributions presented in this Special Issue. These can be
categorized as follows:

(i) Management strategies for major soilborne pathogens in crops: Ma et al. (contribution 1)
review tomato production systems and their challenges. He et al. (contribution 2)
have optimized Metarhizium robertsii fermentation broth for the efficient manage-
ment of wolfberry root rot. Fuller et al. (contribution 3) author an informative
review on the beneficial and pathogenic microbiota associated with the common alder
(Alnus glutinosa).

(ii) Biocontrol potential of novel volatile compounds and defense inducers: Recent research
has revealed that, besides antimicrobial peptides (AMPs), other natural compounds
are involved in biocontrol action. Two examples are given in this Special Issue.
Hernández et al. (contribution 4) characterize 65 potential VOCs of the Kosakonia cowanii
Cp1 strain and demonstrate their role in the effective biocontrol of various econom-
ically important phytopathogens. Tripathi et al. (contribution 5) explore defense
inducers, including salicylic acid, isonicotinic acid, benzothiadiazole, and lysozymes,
as prophylactic and curative sprays for inducing resistance in tomato plants against
Clavibacter michiganensis subsp. michiganensis.

(iii) Exploring the biocontrol potential of novel microbial isolates and genetically engineered strains:
Bacillus velezensis FZB42 is known as a prototype for Gram-positive plant-beneficial
bacteria, able to produce durable endospores and suppress plant pathogens [2]. The
potential of a novel isolate of B. velezensis, strain BV01, as a broad-spectrum BCA
against various fungal phytopathogens was assessed (contribution 6). In addition to
B. velezensis, other representatives of the Bacillaceae family, isolated from Vietnamese
crop plants, contain a rich spectrum of compounds efficient against plant pathogens.
Numerous members of the B. cereus species complex have been comprehensively
investigated for the occurrence of the biosynthetic gene clusters (BGCs) involved
in the synthesis of secondary metabolites. Antimicrobial peptides, efficient against
pathogenic fungi and nematodes, and entomocidal crystal proteins have been detected
and partially characterized using mass spectrometry (contribution 7). Moreover,
genome mining in plant-associated Brevibacilli and Lysinibacillus spp. has revealed
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36 novel BGCs, not present in the MIBiG data bank, which could be developed as next-
generation biocontrol agents (contribution 8). Novel fungal isolates, efficient against
grapevine phytopathogens, are described (contribution 9). Interestingly, fungal strains
isolated from overwintered tar spot stromata could serve as potential BCAs against
tar spot disease in corn (contribution 10). Cui et al. (contribution 11) have engineered
an Escherichia coli strain to express jasmonic acid carboxyl methyl transferase that
catalyzes the conversion from jasmonic acid to methyl jasmonate and demonstrate its
biocontrol potential in the management of fungal smut disease.

(iv) Formulation technology: Lin et al. (contribution 12) comment on the recent progress
in developing “green” adjuvants used for formulating long-living BCAs compatible
with chemical pesticides.

Together, the articles published in this Special Issue give an insight into recent and
future trends in the development of more powerful and reliable BCAs, and will contribute
to sustainable agriculture.
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Review

Major Soilborne Pathogens of Field Processing Tomatoes and
Management Strategies
Minxiao Ma, Paul W. J. Taylor, Deli Chen, Niloofar Vaghefi and Ji-Zheng He *

School of Agriculture and Food, Faculty of Science, University of Melbourne, Parkville, VIC 3010, Australia
* Correspondence: jizheng.he@unimelb.edu.au; Tel.: +61-3-90358890

Abstract: Globally, tomato is the second most cultivated vegetable crop next to potato, preferentially
grown in temperate climates. Processing tomatoes are generally produced in field conditions, in
which soilborne pathogens have serious impacts on tomato yield and quality by causing diseases of
the tomato root system. Major processing tomato-producing countries have documented soilborne
diseases caused by a variety of pathogens including bacteria, fungi, nematodes, and oomycetes,
which are of economic importance and may threaten food security. Recent field surveys in the Aus-
tralian processing tomato industry showed that plant growth and yield were significantly affected
by soilborne pathogens, especially Fusarium oxysporum and Pythium species. Globally, different
management methods have been used to control diseases such as the use of resistant tomato cultivars,
the application of fungicides, and biological control. Among these methods, biocontrol has received
increasing attention due to its high efficiency, target-specificity, sustainability and public acceptance.
The application of biocontrol is a mix of different strategies, such as applying antagonistic microor-
ganisms to the field, and using the beneficial metabolites synthesized by these microorganisms. This
review provides a broad review of the major soilborne fungal/oomycete pathogens of the field pro-
cessing tomato industry affecting major global producers, the traditional and biological management
practices for the control of the pathogens, and the various strategies of the biological control for
tomato soilborne diseases. The advantages and disadvantages of the management strategies are
discussed, and highlighted is the importance of biological control in managing the diseases in field
processing tomatoes under the pressure of global climate change.

Keywords: biocontrol; fungus; oomycete; soilborne pathogen; tomato; tomato disease

1. Introduction

Tomato (Solanum lycopersicum) has been under global cultivation for several centuries
having emerged from western South America [1]. Due to its wide cultivation and unique
nutritive value, tomato has become the world’s second most cultivated vegetable after
potato and the most popular canned vegetable [2,3].

Tomatoes can either be marketed for fresh consumption or as processed products.
Around 40 Mt tomatoes are processed annually, making tomatoes the most processed
vegetable by weight [4]. The major product of the processing tomato industry is aseptic
paste [5], and there are other products like diced and whole peeled tomatoes made into
canned food, as well as tomato juice [6]. Processing tomatoes are generally grown in field
conditions [7].

Tomatoes are susceptible to over 200 diseases [8] with soilborne diseases being a
major component. Fusarium oxysporum has been regarded as one of the most impor-
tant threats to both field and greenhouse-grown tomatoes worldwide with 10–80% of
yield loss [8,9]. Another fungal pathogen, Pyrenochaeta lycopersici, recently renamed
Pseudopyrenochaeta lycopersici [10,11], that causes corky root rot, in cooler climates such
as northern Europe, can cause up to 75% yield loss of affected tomatoes [12]. Soilborne

Microorganisms 2023, 11, 263. https://doi.org/10.3390/microorganisms11020263 https://www.mdpi.com/journal/microorganisms
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pathogens are believed to be hard to control for their persistence in soil and wide host
range [13].

Traditionally, management methods for tomato diseases use resistant cultivars, chem-
icals like fungicides and pesticides, physical methods such as soil solarization and soil
heating, and cultural methods such as crop rotation and hygiene [9,14,15]. Chemical treat-
ments sometimes have adverse effects on the environment [16,17] and human health and
physical control are often laborious and costly.

Breeding for disease resistance is a major objective for most public and private tomato
breeders [18]. Breeders usually rely on the genetic diversity within wild tomato species
to incorporate desirable traits, especially the resistance to different diseases, by crossing
wild tomatoes with cultivated tomatoes [19]. Though genetic resistances usually have
high efficiency, the screening for the traits and breeding process can be laborious and
time-consuming [20,21], which may hamper the improvement progress of commercial
tomato production.

Biological control, also known as biocontrol, is a method of controlling pests and
diseases using other organisms (biocontrol agents) through the importation, augmentation,
or conservation of agents in the environment [22,23], and is gaining increasing acceptance.
Compared with conventional disease/pest control methods, its major advantages are
the minimization of the public concerns of impacts on health and environment [24,25],
self-sustainability, host-specificity, and cost-efficiency [26,27]. The commercialization of
biocontrol for plant disease is relatively a new concept, with the majority of biocontrol
agents registered in the United States Environmental Protection Agency after 2000 [28].

This review provides a comprehensive description of the tomato production systems
and the major soilborne fungal/oomycete diseases of the global leading processing tomato-
producing countries, analysis of the different control strategies for the management of the
respective diseases with an emphasis on biocontrol, and proposes a future perspective for
disease management within processing tomato industries which are under the threat of
emerging pathogens due to climate change.

2. The Major Countries Producing Processing Tomatoes and Their Major Soilborne
Fungal/Oomycete Diseases
2.1. Northern Hemisphere

World tomato production is more concentrated in the northern hemisphere, with
an estimated amount of over 34 million metric tonnes (mT) for processing in 2022, with
the southern hemisphere producing less than 2.7 million metric tonnes [4]. This is likely
to be the result of the combined effects of climate, human and economic factors. The
majority of the total processing tomato production (over 65%) is shared by the United States
(California), China, and Italy [29].

2.1.1. The United States Tomato Industry and Major Soilborne/Fungal Diseases

Though only third in total tomato production size, the United States is the largest
producer of processed tomatoes globally. California is the dominant state of US processed
tomato production, which accounts for 95% of the nation’s tomatoes [30], with the produc-
tion of 9.8 million mT in 2021 [29]. In California, the production of processing tomatoes
is carried out on large farms, with 225 growers owning about 277,000 acres of land [31].
The production starts with the wet soil condition in spring and the harvest and processing
in late July until October [32]. Processing tomatoes are mostly irrigated with sprinkler
systems, with the increasing application of drip irrigation in the areas threatened by rising
saline underground water [33]. All the harvests are performed mechanically, with the fruits
graded by inspection before processing [33]. The other USA States with large process-
ing tomato production are Florida and Indiana, but their production scale is very small
compared with that of California [34].

Fresh tomato accounts for 8% of total U.S. tomato production [35], which is cultivated
nationwide in the USA, with California and Florida being the major production sites,
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contributing to around 80% of the national production [36]. In California, tomatoes are
produced year-round except in winter with the wide application of greenhouse produc-
tion [36], while in Florida, the growing season is from October to June [35]. In other states,
tomato production runs through the summer months when Florida tomatoes are off the
market [35].

One important soilborne disease, buckeye rot, is reported to be caused by several
oomycete pathogens, including Phytophthora nicotianae var. parasitica, P. capsici and
P. cryptogea [37–39]. Buckeye rot was first reported in Florida in 1915, causing about 15%
yield reduction [40], and was reported in California about two decades later [41]. Buckeye
rot was found to cause significant tomato yield reduction in the furrow-irrigated zones
of California in 1984, while the major pathogen was P. parasitica [39]. However, P. capsici
was later found to be more virulent to tomatoes, which can also infect P. parasitica-resistant
tomato varieties [42,43]. In recent years, buckeye rot is most common in the southeast and
central states of the U.S. [44].

P. parasitica and P. capsici can also induce tomato Phytophthora root rot by invading
plant roots. Reported in California in 1955, the disease had repeated outbreaks in the
major processing tomato production zones of the state, leading to the almost complete
destruction of the crop [45]. It was also reported that P. parasitica was more frequently
isolated from Californian processing tomato production sites while P. capsici was more
abundant in regions growing fresh tomatoes [43,45].

Corky root rot caused by the soilborne fungus P. lycopersici is considered to be an-
other major disease limiting Californian tomato production [46]. Campbell [47] tested the
pathogen on fresh market tomatoes and harvested 73% fewer large fruits in infected plots
without any treatments, which was coherent with the estimation of processing tomato
growers consulted in the study. Also, in another study covering nine organic farms and
18 conventional farms in the Central Valley of California, corky root rot was the disease
found on most plants in most sampling locations [48]. Recently, P. lycopersici was also found
to form a disease complex with other pathogens such as Colletotrichum coccodes in Ohio,
causing severe wilting of tomatoes both in fields and glasshouses [49].

Fusarium wilt caused by F. oxysporum f. sp. lycopersici (Fol) also affects tomatoes
throughout the United States. All three known physiological races of Fol have been reported
in the United States. Race 1 was initially reported in 1886, which severely threatened
commercial tomato production in Arkansas [50]. Later, Fol race 2 which overcame the
tomato variety resistant to race 1 was reported in Ohio in 1945 [51]. Fol race 3 was reported
across the United States [52], causing up to 80% disease incidence in tomatoes resistant to
Fol race 1 and 2 when first reported in Florida in 1982 [53], while also significantly affecting
the processing tomatoes in California [54]. Since the 2000s, Fusarium wilt has become a
destructive disease in the south-eastern parts of the United States [44].

Fusarium crown and root rot (FCRR) is also a major soilborne disease of both U.S.
field and greenhouse tomato production. The pathogen, Fusarium oxysporum f. sp. radicis–
lycopersici (Forl), was first reported in Japan in 1974 and was later reported across the United
States from California to Florida [55,56]. In Florida, the disease was reported to cause a
tomato yield reduction of 15–65% [56].

The disease Verticillium wilt caused by Verticillium dahliae was first reported in Califor-
nia in 1926 [57]. With the resistance Ve gene incorporated into commercial tomato varieties,
race 2 of V. dahliae pathogenic overcoming resistant tomatoes in Ohio and then California
was reported [58,59]. Due to the fact that no resistant gene is available in tomato germplasm
against V. dahliae race 2, this pathogen is now considered one of the diseases limiting the
productivity of the Californian tomato industry [46]. In California, the yield loss caused
by V. dahliae was up to 67% in a susceptible cultivar, with race 2 reducing V. dahliae race
1-resistant tomato yield by up to 25% at 100% disease incidence [59,60]. Later, Verticillium
wilt also became an increasing problem for the Pacific Northwest (Washington, Oregon,
and Idaho) states of the U.S., influencing not only tomatoes but also watermelons [61].
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2.1.2. The Chinese Tomato Industry and Major Soilborne Fungal/Oomycete Diseases

Globally, China ranks first in total tomato production [32] and comes second in terms
of estimated 2022 processing tomato production [4]. The major production site of the
Chinese tomato industry is Xinjiang province, which accounts for over 80% of the total
production size [4]. The major production site of processed tomatoes is the north-western
provinces, including Xinjiang, Inner Mongolia and Gansu [32]. The cultivation in Xinjiang
is from spring to summer (April to July), while the production is processed between August
and October [62].

Tomato for fresh consumption is produced across China, with four provinces, Hebei,
Henan, Shandong, and Xinjiang, producing the vast majority [63]. Due to the continuous
huge market demand, the fresh tomato industry relies on the utilization of solar-type
greenhouses with a year-round production cycle, with Shandong producing over 60% of
fresh tomatoes in winter [32].

At least 10 diseases are reported to cause significant tomato yield loss in China [64],
with one of them being Fusarium wilt. Among the three major physiological races of Fol,
race 1 is the main pathogen of tomato Fusarium wilt in China according to field surveys
conducted in several northern provinces including Heilongjiang, Shaanxi and Shanxi [65],
while race 2 was only reported in Zhejiang, causing 30–60% tomato yield loss [66].

Recently, symptoms of putative wilt and root rot diseases were reported in several
regions growing tomato varieties resistant to Fol race 1 and 2 from 2016 to 2018 [67].
Ye et al. [67] conducted field sampling in high-incidence provinces in Zhejiang, Hainan,
Shanxi, and Shandong, and found that among the 64 collected F. oxysporum isolates, 35
were Fol race 3 isolates and 13 were Forl isolates. Therefore, Fol race 3 and Forl seem to
have emerged as the major Fusaria pathogens of the Chinese tomato industry, thus more
effective management strategies may be required.

2.1.3. The Italian Tomato Industry and Major Soilborne Fungal/Oomycete Diseases

In the 2022 industry estimation [4], Italy had the third largest processing tomato
industry globally. Over 95% of Italian tomato production is processed [32]. Tomato
production is throughout the country, with differences in production methods in different
geographical regions. In the northern part of the country, the production is completely
mechanized in large farms, with manual harvesting abolished by the early 1990s [68]. This
area is the major production site for processing tomatoes with 2.885 million tonnes of
estimated yield in 2022 [4]. In southern Italy, farms are usually owned by families, with
smaller sizes of 4–10 ha and around 50% of them still practice manual harvesting [32,68].
The center-south region is Italy’s second-largest processing tomato production zone, and
its estimated yield in 2022 was 2.59 million tonnes [4]. Tomatoes are planted in early May,
and harvested in mid-July and the season ends in mid-September.

Tomato production in southern Italy is significantly affected by corky root rot. This
disease has been reported since the 1960s in European glasshouse production, which
became more severe in later years. In glasshouses in a Mediterranean environment, this
disease can cause a 30–40% yield reduction [69].

In northern Italy, P. capsici was found to be the causal agent of Phytophthora root rot
repeatedly observed on grafted tomatoes [70]. This disease was found to cause the sudden
collapse of around 25% of the plants within 60 days of transplant [70].

Fusarium wilt is also an important tomato disease in Italy. Fol race 1 has been long
reported in Italy, with race 2 first reported in 1999 [71]. Nowadays, Fusarium wilt caused
by this pathogen is considered a major cause of economic loss in tomato production in
Italy [72–74].

FCRR caused by Forl is another important soilborne disease for Italian tomato produc-
tion. FCRR was reported in northern Italy as early as 1984 and then occurred as an outbreak
in Sicily in 1986 [75]. This disease was found to cause substantial yield loss in both green-
house and soilless fresh market production in several Italian tomato-producing regions
such as Calabria, Emilia Romagna, Liguria, Sardinia, and Sicily [76]. FCRR was present in
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24% of the greenhouses of Sicily and 66% of greenhouses in Sardinia in surveys conducted
during the 1990s [77,78], with a up to 60% mortality rate during severe outbreaks.

2.2. Southern Hemisphere

Though tomatoes originated from the Latin American region of the southern hemi-
sphere, the tomato production size of southern hemisphere countries has a comparatively
small proportion in the global production. However, when compared with the major pro-
ducers located in the northern hemisphere, the tomato industry in the southern hemisphere,
especially field tomatoes are unique due to several factors. One major factor is the timing
of summer in the southern hemisphere, which coincides with winter in the northern hemi-
sphere, thus the most favorable season for tomato production between the two hemispheres
is chronologically different. Also, the southern hemisphere generally has a milder climate
compared with that of the northern hemisphere due to the higher ocean coverage [79],
which may also affect the growth and development of cultivated tomatoes. Therefore, stud-
ies on soilborne pathogens threatening tomatoes under the unique climate and production
process of the southern hemisphere may also be important for the understanding of the
impact of a changing global climate on the disease cycle of these pathogens.

2.2.1. The Brazilian Tomato Industry and Major Soilborne Fungal/Oomycete Diseases

In the Southern hemisphere, Brazil is the largest processing tomato producer, with
around 1.5 million tonnes in 2021 [29]. Most of Brazil’s tomato production is located in the
southern provinces close to the coast, such as Goiás, São Paulo, Minas Gerais, Paraná, and
Bahia [80]. The processing tomato production is generally based in the central provinces,
with Goiás and the Cerrado region contributing to 99% of the production size due to the
favorable soil and climatic conditions, and mostly irrigated with conventional methods [81].
To manage the problem caused by whitefly, the Ministry of Agriculture in Brazil set up a
rule of a two-month tomato-free period for the processing industry, so the transplanting
can only be carried out between 1 February and 30 June, with harvest completed by
November [82].

Fusarium wilt caused by Fol is widely present in Brazil. Race 1 of Fol was first reported
in São Paulo State in 1941, with only races 1 and 2 detected in all surveys in the 20th
century [83]. In 2005, race 3 of Fol was also isolated from field samples from wilted hybrid
tomato plants with resistance to Fol race 1 and 2 from Espirito Santo province [83], which
then shortly after spread into other provinces [84]. The severe outbreaks of Fol race 3
have led to the widespread replacement of susceptible tomato hybrids with new cultivars
carrying the resistant gene i-3 in Brazil [85].

Fol was believed to be the only pathogenic Fusarium related to tomato in Brazil until
the 2010s. More recently, there were frequent and simultaneous outbreaks of Fusarium
oxysporum disease capable of infecting Fol-resistant tomato cultivars [85]. Subsequently,
Forl was reported in surveys on field tomato plants showing crown-rot and vascular
discoloration symptoms with disease indices ranging from 10 to 50% from three Southeast
Brazilian states and two northern states [86].

Verticillium wilt is another important soilborne fungal disease for the Brazilian tomato
industry. Despite the fact that V. dahliae and V. albo-atrum were found to cause substan-
tial economic losses in Brazilian vegetable production, only V. dahliae was reported on
tomatoes [87]. Both races 1 and 2 of V. dahliae were reported in the 1980s and late 1990s [88].

2.2.2. The Chilean Tomato Industry and Major Soilborne Fungal/Oomycete Diseases

Chile has the second largest tomato production among the southern hemisphere
countries, with around 1 million tonnes for processing annually [4]. The majority of
Chilean tomato production is for processing, with around 5000 ha for the fresh market
and 8000 ha for the processing industry [89,90]. The production area is concentrated in
the middle part of the country between 30◦ and 34◦ latitude south, benefiting from the
local mid-terranean climate optimizing tomato growth [89]. Chilean processing tomato
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industry is fully contracted, which primarily uses transplanted seedlings sown in July,
then transplanted from mid-September to mid-November [91]. Though production was
heavily reliant on human labor in the last century, the growing adaptation of mechanized
production has led to increased yield and size of individual contracts [91].

Similar to Brazil, Fusarium oxysporum is an emerging pathogen for the Chilean tomato
industry. Though cultivars resistant to Fol race 1 and 2 are commonly used, Fusarium wilt
still occurred in important production zones such as Azapa valley in northern Chile, and
the pathogens were later identified as Fol race 3 and Forl [92].

Forl is also becoming an increasing threat to the Chilean tomato industry, with fresh
tomato production affected most severely. FCRR was frequently present in northern Chile
and central Chile, with the former practicing both net-house and open-field crops, and the
latter growing monocultural tomato crops in polyhouses [93].

2.2.3. The Australian Tomato Industry and Major Soilborne Fungal/Oomycete Diseases

Though Australia has a relatively small total tomato production size, it still has the
largest processing tomato production outside the Latin America region in the southern
hemisphere [4]. Tomatoes in Australia are almost always grown from imported seeds [94].
The fresh and processed tomatoes are produced by two distinctive industries in Australia.
The fresh tomatoes are grown in either field or hydroponic environments and are harvested
by hand all year round, with Queensland and Victoria as the major production sites [95],
while 97% of processing tomatoes are produced in Victoria [96].

The Australian processing tomato industry is sited primarily in the Goulburn/Murray
River areas of northern Victoria, with a minority in the Riverina region of New South
Wales, which is a seasonal industry (February to April) and harvested by machinery [95].
According to the Australian Processing Tomato Research Council [97], 46% of the total
tomato production was sent to the processing industry in 2020.

Fusarium wilt caused by Fol is considered an economically important disease for the
Australian fresh tomato industry, causing huge losses [98]. Also, among the three major
races of Fol species threatening the global tomato industry, the third race was first reported
in Australia in 1979 [99] in Queensland.

Recent disease surveys carried out in the Australian processing tomato industry in
Victoria found that processing tomatoes were experiencing an estimated 10% yield loss
from soil-borne pathogens, with the two most abundant pathogens being F. oxysporum and
Pythium spp. [100,101]. The F. oxysporum strains collected in the survey by Callaghan [100]
produced symptoms of rot on tomato roots and crowns such as those caused by Forl, a
species not reported in Australia, with slight differences in growth temperature, a wider
host range and variable pathogenicity [100]. Thus, the disease caused by this isolate was
named chocolate streak disease (CSD) to differentiate it from FCRR caused by Forl.

Among the eight pathogenic Pythium species causing root rot and seedling damping-
off, Callaghan et al. [101] found that P. irrgulare was one of the most aggressive pathogens,
as confirmed in the pre-emergence and early seedling phases of tomato plant growth.

3. Control Strategies of the Major Soilborne Fungal/Oomycete Diseases

As discussed above, the major soilborne fungal/oomycete pathogens of the major
processing tomato producers are generally similar, with Fusarium wilt being the most
common disease, followed by FCRR, with Verticillium wilt, corky root, and Phytophthora
root rot also common in the northern hemisphere (Figure 1). In this section, a description
of the different diseases and their different management methods is provided.
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3.1. Tomato Corky Root Rot

Tomato corky root rot is generally caused by the fungus P. lycopersici. The roots
of infected plants show dark brown, banded lesions [49]. With the development of the
symptoms, even larger roots become infected, with extensive swollen and cracked brown
lesions, giving them the distinctive corky look appearance [102]. The growth of the plant
may be stunted and slow, but the disease usually does not kill plants, resulting in reduced
yield [103].

P. lycopersici is an ascomycete, which overwinters as microconidia and hyphae, or
produces microsclerotia which can withstand harsh conditions, survive in host root and
soil, and maintain pathogenicity for up to 15 years [103]. When the environment becomes
favorable, the microsclerotia will germinate and produce hyphae [104]. After reaching
the host roots, the hyphae penetrate the host epidermis and gradually colonize the whole
root [104]. This pathogen is soil-transmitted, which favors monoculture soil without proper
disease management [104,105].

3.1.1. Conventional Control Methods
Cultural Control

The disease development of corky rot is at optimum at 15.5–20 ◦C [106]. Thus, it is
better to plant tomatoes in spring when the soils start to become warm.

Though effective against many other pathogens, crop rotation alone may not be
effective in controlling corky root rot, for P. lycopersici has a wide host range including
cucumber, eggplant, lettuce, melons, and pepper [103].

Physical Control

Soil solarization by covering the field with plastic film for a long period is a practical
method for the control of corky root rot. In Italy, Vitale et al. [69] found that solarization
performed with ethylene-vinyl-acetate film has an identical level of control effect on corky
rot symptoms as compared with fumigation with methyl bromide, which was better than
that of metham sodium and metham potassium fumigation. However, the level of success
of solarization depends on the combination of high ambient temperatures, maximum
solar radiation, and optimum soil moisture as well as the existing inoculum and disease
levels [107,108]. Therefore, solarization usually has varying effectiveness, and is generally
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less effective in climates where high summer temperatures coincide with the rainy season
due to the cooling effect of rainfall and extensive clouds blocking the solar radiation [107].

Chemical Control

In fields previously reported to have corky root rot, a preplant treatment with soil
fumigation was shown to reduce disease in the subsequent tomato crop [69]. Methyl
bromide (MBr) used to be a preferred chemical, but it was proved to be an ozone-depletion
agent which is more destructive to stratospheric ozone than chlorine [109], thus its use has
been phased out in developed countries by 2005 and in 2015 by the less developed countries
as required by Montreal Protocol [16]. Potential alternative chemicals such as chloropicrin,
metam sodium, metam potassium, and dazomet [69,110,111] can only provide a lower
control level of corky root rot compared with MBr treatment. For example, Vitale et al. [69]
found that metham sodium fumigation (MS, 353 litres a.i. ha−1) and metham potassium
fumigation (MK, 350 litres a.i. ha−1) did not reduce the disease incidence of corky root
rot in their trial. Therefore, with reduced efficiency of chemical controls, the management
of corky root rot may require the addition of more effective methods such as the use of
resistant cultivars and biocontrol.

Resistance Breeding

Though breeding for resistant cultivars is a common strategy for the control of crop
disease, commercial variants of both processing and fresh consumption tomatoes are
susceptible to corky root disease [112]. So far, only one single recessive gene (pyl) was shown
to confer resistance to corky root rot and was introgressed into Lycopersicon esculentum
from L. peruvianum [113]. The pyl gene is later found to possibly be a recessive allele of a
susceptibility gene [114] and it has not been cloned yet.

3.1.2. Biological Control

Some fungivorous nematodes have been recorded as potential biocontrol agents for
corky root rot. Hasna et al. [115] tested two fungivorous nematodes, Aphelenchus avenae
and Aphelenchoides spp. against P. lycopersici, and concluded only A. avenae was able to
significantly reduce the severity of tomato root rot in greenhouse trials with a population of
3 or 23 nematodes mL−1 soil. However, in a later on-farm trial covering two tomato seasons
in Sweden, Hasna et al. [105] found even at a higher inoculation rate of 50 nematodes mL−1

soil, the application of A. avanae into infested soil did not reduce corky root disease severity.
Thus, the potential of nematodes to control corky root rot may not be dismissed, but the
application method may still need improvements.

In greenhouse trials, bacterial antagonists such as Streptomyces spp. have been found
to effectively suppress corky root disease of tomatoes and enhance plant growth, resulting
in higher yields. Bubici et al. [116] evaluated the antagonism of twenty-six Streptomyces spp.
against corky root rot on tomatoes in both glasshouse and field conditions and found the
most effective strain can reduce disease severity up to 64% in the glasshouse and 48% in
the field.

Antagonistic fungi may also be used in the biocontrol against corky root rot. Fiume
and Fiume [112] conducted glasshouse trials against corky root rot using Trichoderma viride,
Bacillus subtilis, and Streptomyces spp., and concluded that the application of all three
microorganisms significantly reduced the corky root symptoms in terms of disease index,
with T. viride having the best results, followed by Streptomyces spp. Besoain et al. [117]
performed UV on native T. harzianum to obtain mutants and found the mutants ThF1-2 and
ThF4-4 inhibited the growth of P. lycopersici in vitro by 1.3 and 5 fold, respectively. Sánchez-
Téllez et al. [118] further tested the mutant ThF1-2 in greenhouse tomato trials and found
applying solid formulation ThF1-2 resulted in a significantly lower root damage caused by
P. lycopersici compared with a previous trial using MBr. The control of T. harzianum against
P. lycopersici seems to be correlated to the differential expression of extracellular fungal cell
wall hydrolytic enzymes between isolates [119].
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Organic amendments may also help in the control of corky root rot. Workneh et al. [48]
found that the application of green manure and compost reduced the corky root rot severity
in organic farm tomatoes by stimulating microbial activities in a field survey. However,
P. lycopersici responds differently to different amendments. Hasna et al. [120] tested com-
posts consisting of green manure, garden waste, and horse manure against corky root rot
in greenhouse tomatoes and found that garden waste compost significantly reduced the
disease, whereas horse manure compost significantly stimulated disease, while the green
manure compost had no effect on the disease despite the increased microbial activity. It
was concluded that the disease severity of corky root rot can be suppressed by composts
with a low concentration of ammonium nitrogen and a high concentration of calcium, but
further studies may be necessary to further prove this perspective.

3.2. Fusarium Crown and Root Rot (FCRR) of Tomato

FCRR is caused by the pathogenic fungus Fusarium oxysporum f. sp. radicis-lycopersici
(Forl). Though both being classified as Fusarium oxysporum, Forl and Fol, the agent of tomato
Fusarium wilt, are two different formae speciales, which are informal taxonomic groupings
based on the differences in the host range [121]. The pathogen invades the host via wounds
and natural openings created by newly emerging roots [122]. Infected seedlings usually
show symptoms of stunting and yellowing with premature abscission of lower leaves. With
the development of the disease further via the xylem, necrotic lesions may gridle the crown,
with the roots becoming rotted and discolored, and the seedlings then develop wilting
symptoms [123]. On older plants, the first symptom may be the yellowing and collapse of
the oldest leaves. The symptoms then develop upwards and infect young leaves. Older
plants may be stunted and wilted, but still alive at harvest [56].

F. oxysporum is an ascomycete without an observable sexual stage [124]. This fungus
can aggressively colonize both host roots and organic matter [125]. Though being able to
persist in the soil as mycelial fragments, the highly durable chlamydospore is the major
form of survival of F. oxysporum in the absence of a host [124,126]. The germination of the
spore is usually triggered by the exudates from growing plant roots [124,126].

3.2.1. Conventional Control Methods
Cultural Control

Hygiene and sanitation of the seeds and transplant seedlings are important for Forl
management. For example, Muslim et al. [127] found that plants not challenged with the
pathogen still become infected by FCRR, which is probably due to incomplete soil steriliza-
tion. It is also strongly recommended that all equipment coming in direct contact with soil
is cleaned and disinfected [56]. The pathogen may also use colonized and infected plants as
carrying vectors, thus the infected plants and their roots should be removed immediately.

Crop rotation with a non-host crop may also prevent FCRR. Crops susceptible to Forl
such as eggplants and peppers should be avoided in the rotation [128], while non-hosts
such as lettuce may be useful to reduce inoculum levels in the soil [129]. However, the
efficiency of crop rotation may be limited for FCRR control, because the pathogen can
survive as chlamydospores in the soil for a long time [130].

Physical Control

FCRR is favored by cooler temperatures, thus planting in warm periods and using
warm water in irrigation is recommended to restrict the development of disease [131].
Soil solarization has also been demonstrated to control FCRR. In studies testing several
solarization methods, soil solarization generally reduced populations of Forl down to a
depth of 5 cm [56].

Chemical Control

Before the 2010s, the most effective method for FCRR control was soil disinfection
using methyl bromide (MBr) [132,133]. However, MBr has been phased out globally since

13



Microorganisms 2023, 11, 263

2015. The ban on MBr prompted the study of alternative chemicals for the control of
soilborne pests including Forl. So far, the tested alternatives include 1,3-dichloropropene,
chloropicrin, dozamet, fosthiazate, and metam sodium, with similar effects on Forl com-
pared with MBr [56,134,135]. For example, McGovern et al. [134] tested the application of
metam sodium in field tomatoes and found that rotovation of metam sodium at 935 L/ha
into preformed beds consistently reduced FCRR incidence equal to those achieved by
methyl bromide-chloropicrin. Also, 1,3-dichloropropene+chloropicrin (60.5% and 33.3%,
w/w) was tested on Italian field tomatoes [135] and was able to achieve a good tomato yield
using drip application in sandy loam soils with slight Forl infections and severe infections
of Fol and galling nematodes, which was similar to those of the plots treated with MBr.

However, there are still several factors that may reduce the efficiency of Forl chemical
control. For example, Forl chlamydospores were found to survive in the soil at a depth
beyond 50 cm, which is unreachable by soil fumigation [131]. Also, Forl can efficiently
colonize sterilized soil [55]. Therefore, soil fumigation may instead create favorable soil
conditions for Forl colonization by reducing microbial competition.

Resistance Breeding

Resistant tomato varieties can also be used to control FCRR. The resistance of tomatoes
to FCRR is found to be controlled by a single dominant locus (Frl) on chromosome 9 [122,136].
This gene has been successfully crossed into commercial tomato lines, with many Forl-resistant
cultivars currently available. However, no additional resistant genes have been identified.

3.2.2. Biocontrol

Forl is believed to have poor competitive fitness against other microorganisms [131],
thus biocontrol via organic amendments or biocontrol agents may be effective for the
management of Forl.

Several antagonistic microorganisms have been tested for their properties to control
FCRR. Sivan et al. [137] applied Trichoderma harzianum as seed coating or wheat-bran/peat
in tomatoes grown in FCRR-infested field and recorded a 26.2% increase in yield of treated
plots compared with the control, with the control of Forl at the highest effect on root tips.
Datnoff et al. [138] also applied T. harzianum and Glomus intraradices into tomato fields with
FCRR history and recorded a significant reduction in disease severity and disease incidence
of FCRR by applying the fungi both combined and separately. Several hypervirulent
binucleate Rhizoctonia strains were also found to reduce the vascular discoloration caused
by FCRR on tomatoes up to 100% in greenhouse conditions and up to 70% in the field [127].
Moreover, a non-pathogenic endophytic F. solani strain was reported to reduce disease
incidence of Forl when applied alone in glasshouse tomato by 47%, the effects of which
improved when combined with certain fungicides [139]. Pythium oligandurm was also
found to trigger the host defence of greenhouse tomatoes when challenged by Forl in the
form of deposition of newly formed barriers beyond the infection sites [140].

Several bacteria species may also control FCRR. Pseudomonas fluorescens was found to
synthesize the antibiotic 2,4-diacetylphloroglucinol, which suppressed the growth of Forl
in vitro [141]. A further study found that P. fluorescens WCS365 used chemotaxis towards
Forl hyphae, enabling it to efficiently colonize Forl and achieve control effects [142]. In a
later screening by Kamilova et al. [143], strong competitive biocontrol strains P. fluorescens
PCL1751 and P. putida PCL1760 were found to successfully suppress FCRR under the soil
and hydroponic conditions. In addition, Baysal et al. [123] assessed in a greenhouse trial
the effect of two Bacillus subtilis bacteria strains QST713 and EU07, and concluded that
EU07 had a better disease inhibitory effect (disease incidence reduced by 75%) compared
with QST713 (disease incidence reduced by 52%), and the inhibition may be achieved
by YrvN protein coded in the genome of EU07 as a subunit of protease enzyme. Lytic
enzymes, cellulases, proteases, 1,4-b-glucanase, and hydrolases from the secreted proteins
from B. subtilis EU07 and FZB24 and concluded these essential proteins of Bacillus bacteria
play an important role in the control of Forl [144].
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Organic amendments promoting microbial activity may also be used in FCRR manage-
ment, but they do not have consistent effects in field conditions. Straw was incorporated
into the soil to manage FCRR by Jarvis [131], but the Forl soil population increased around
and inside the straw, which only started to fall when the straw decomposed. However,
Kavroulakis et al. [145] concluded that a compost mix made from grape marc wastes and
extracted olive press cake can enhance tomato defensive capacity under Forl stress by
making the pathogen unable to penetrate and colonize the host root, resulting in a 40%
reduction in the disease incidence compared to the control. However, the plants in this
trial were grown completely in the compost, making large-size commercial applications
likely unrealistic.

3.3. Fusarium wilt Disease of Tomato

Fol, the causal agent of tomato Fusarium wilt, is able to penetrate plant cell epidermis,
thus infecting tomato plants through the roots and colonizing the xylem for further colo-
nization of the root system [9]. The symptoms are initially characterized as yellowing of
the older leaves [50], followed by browning and wilting. Browning will also be visible in
the vascular tissue, and this discoloration will extend to the apex of the plant [50]. The
infected plant will experience stunted growth and drastically reduced yield, which will
often die before maturity [9].

3.3.1. Conventional Control Methods
Cultural Control

Crop rotation can be used to manage Fusarium wilt, and it is recommended not to
plant the same or related type of crop for at least four years if one crop is severely infected
by Fusarium wilt [146]. The recommended crops for rotation are grasses and cereals [147].

Hygiene should also be practiced for Fol control. Disease-affected plants should be
removed immediately. Used farming tools should be disinfected and cleaned before reuse.
The use of sanitized footwear and clothes on the farm may help prevent the transportation
of infected soils between paddocks [146]. Fallowing is another strategy for Fol control.
Briefly, the land is left uncultivated for a period, and for Fol, it is recommended to practice
fallowing during the summer months to let the high temperature and excessive drying
reduce soil levels of Fol [9].

Physical Control

Soil solarization can also be used to control Fol residing in soil, preferably performed
in the summertimes. However, since the development of Fusarium wilt favors warm
temperatures (27–28 ◦C) [148], this strategy may not work in zones with cool climates.

Chemical Control

Soil fumigation with MBr was an effective method for Fol management however,
with the phase-out of MBr the value of chemical control on Fol has drastically reduced.
Though alternative chemicals such as chloropicrin, dimethyl disulfide, metam sodium, and
1,3-dichloropropene are available, they all lack the broad-spectrum volatile characteristics
of MBr, which made it highly effective [149]. Systemic fungicides such as benomyl, thiaben-
dazole, and thiophanate have also been used to control tomato Fusarium wilt [9], but it was
believed that there are no fungicides especially effective for the control of this disease [146].

Resistance Breeding

The application of tomato cultivars resistant to Fusarium wilt is currently the most
feasible management method.

The resistance to Fol was first identified by Bohn and Tucker in 1939 [150], who identi-
fied one single, dominant resistance locus later named I gene from one wild tomato acces-
sion of S. pimpinellifolium, Missouri accession 160 [151]. This gene was crossed into the first
commercial Fol-resistant tomato cultivar and was located at tomato chromosome 11 [152].
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Later, the second race of Fol, named Fol2 was reported to spread widely in Florida in
the 1960s [153], which led to another screening for the corresponding resistant gene. The
resistant gene was again found in wild tomato relatives- a natural hybrid PI126915, which
was name I-2 and mapped to chromosome 11 [154].

In 1979, the third race of Fol–Fol3 was reported in Australia in fresh tomato produc-
tion [99]. McGrath et al. [155] were the first to identify resistance to Fol3 in the S. pennellii
accession PI414773 in 1987, and Scott and Jones [156] later identified a dominant Fol3
resistance locus in the S. pennellii accession LA716. This newly discovered gene was later
named I-3 and used as the primary source of Fol3 resistance in commercial varieties. Gene
I-3 was mapped to chromosome 7 [157], and McGrath et al. located another gene I-7 gene
in chromosome 8 [158].

Three additional genes with partial resistance to Fol2 were also found by Sela-Buurlage
et al. [152]. These researchers studied 53 introgression lines with chromosomes from LA716
and identified alleles I-4 and locus I-5 on chromosome 2, with locus I-6 on chromosome
10 of S. pennellii. However, none of these genes have their effects validated nor used for
commercial purposes so far.

3.3.2. Biological Control

Potential biocontrol agents against Fol on tomatoes have been actively tested in a
large number of studies. The most commonly used biocontrol agents belonged to various
microbial genera including fungi (Aspergillus spp., Chaetomium spp., Glomus spp., non-
pathogenic Fusarium spp., Trichoderma spp. and Penicillium spp.) and bacteria (Bacillus spp.,
Pseudomonas spp., Streptomyces spp., and Serratia spp.) [159].

Among the different genera of biocontrol microorganisms, non-pathogenic Fusarium
strains are of high interest. In 1993, Alabouvette et al. [160] concluded that among the
many groups of microorganisms tested for biocontrol activity, only non-pathogenic Fusarium
species and fluorescent Pseudomonads showed consistent responses. In a later review by
Ajilogba et al., these strains were found to be involved in most research conducted on
plant biological enhancement using fungal endophytes [146]. One representative strain,
F. oxysporum Fo47, was successfully tested against Fol [161–163], with the major mode of
function being the induction of systemic resistance and priming of the plant defence reaction.

Another review by Raza et al. [159] analyzed biocontrol trials conducted between 2000
and 2014 and concluded that non-pathogenic Fusarium species and Pseudomonas species
were supported by most research to be more effective in controlling Fusarium wilt in natural
soil, while Penicillium, Streptomyces, and Aspergillus strains were more effective in growth
media. However, the authors also found that 79% of the tests on tomatoes were conducted
in greenhouse conditions, with 12% conducted in the field condition. Thus, for processing
tomatoes grown predominately in field conditions, further field tests on the efficiency of
different biocontrol agents are necessary.

Organic amendments are another group of biocontrol agents. For example, Borrego-
Benjumea et al. [164] tested poultry manure, olive residue compost, and pelletised poultry
manure for tomatoes grown in natural sandy soil and concluded that the combination of
pelletized poultry manure with heating or solarization achieved the greatest reduction in
Fusarium wilt severity. In a later study by Zhao et al. [165] testing chicken manure, rice
straw, and vermicompost in a long-term tomato monocultural soil, vermicompost addition
significantly increased soil pH, ammonium nitrogen, soil organic matter, and dissolved
organic carbon, which promoted beneficial bacteria suppressing Fol. Organic amendments
are often applied in combination with biocontrol microorganisms for better effects in
different studies [159,166,167]. It was also suggested that the combined application of
biocontrol organisms and amendments can increase the biocontrol efficiency of various
genera of fungi and bacteria, with the exceptions of Pseudomonas and Penicillium [159].
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3.4. Phytophthora Root Rot of Tomato

The oomycete P. capsici is the major pathogen causing Phytophthora root rot on tomatoes.
This soilborne pathogen can invade tomatoes via root, inducing root and crown rot which
can be visualized by the brown lesions on the plant’s lower part [168]. With sufficient
rainfall, the whole plant can be infected. The root infection may cause damping-off of
seedlings, stunting, wilting and eventual death in older plants [168]. The pathogen can
also infect fruit in contact with the ground or via irrigation splash, and the disease, with
symptoms of light-to-dark, water-soaked brown concentric rings on the fruit, is called
buckeye rot instead [37,41,169].

As an oomycete, P. capsci can reproduce both sexual oospores with antheridium
oogonium and asexual zoospores with sporangia [168,170,171]. Chlamydospores are also
occasionally produced [168]. Most stages of P. capsci require the presence of a host, thus
P. capsica seems only survive in the soil for long terms as thick-walled oospores [168].
The germination of oospores is facilitated by both chemical and mechanical stimulations,
by either growing a germ tube or forming sporangium [168,171]. The sporangium then
germinates directly or releases motile zoospores if immersed in water [170]. The zoospores
are swimmable, which can be transmitted by rainfall or irrigation, and form germ tubes
after contacting hosts [170].

3.4.1. Conventional Control Methods
Cultural Control

Crop rotation is often used to manage P. capsici along with many other soilborne
pathogens, but its effectiveness is limited by the long survival of oomycetes in the soil and
the wide host range of P. capsici. The host range of P. capsici was reported to cover at least
45 species of cultivated plants and weeds from 14 families of flowering plants [170], thus the
selection of rotation crops for P. capsici is very narrow. Also, Lamour and Hausbeck [172]
found P. capsici can survive as oospores for a 30-month nonhost period during crop rotation.
Therefore, long rotations are required even if non-host crops are available, which may make
crop rotations economically unfeasible.

It is very difficult to control P. capsici once the pathogen becomes established in the
field. Thus, most control strategies are aimed at limiting free water to minimize inoculum
spread and crop loss, which includes planting at well-drained sites or on a raised bed with
controlled irrigation [168].

Physical Control

Soil solarization was found to be effective against Phytophthora root rot on tomatoes.
From a trial in Florida a soil solarization treatment that heated the soil to a maximum of
47 ◦C at 10-cm depth had similar effects to MBr treatment at the same site in reducing the
P. capsici population [107].

Chemical Control

The application of chemicals has been another approach to managing P. capsici. How-
ever, the phasing out of MBr has reduced the cost-efficiency of chemical control [173]. Other
chemicals frequently applied include cyazofamid, dimethomorph, fluopicolide, fosetyl-
Al, mandipropamid and mefenoxam (metalaxyl) [174–177]. Despite the various choices
of chemicals, extensive use of fungicide has led to the emergence of resistant P. capsici
strains, which makes it very hard to protect crops from P. capsici. For example, Lamour and
Hausbeck [172] collected 141 isolates of P. capsici in Michigan and found around 60% to be
intermediately sensitive or insensitive to mefenoxam. Even more recent groups of chemi-
cals such as fluopicolide and cyazofamid have resulted in the fast emergence of pathogen
resistance. Jackson et al. [175] concluded that among the 40 P. capsici isolates tested, all
were either intermediately sensitive or resistant to cyazofamid at 100 µg/mL application
rate. More recently, Siegenthaler and Hansen [177] found that out of 184 P. capsici isolates
collected in Tennessee, 84 were resistant to fluopicolide.
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Resistance Breeding

Until the 2010s, only several tomato strains moderately resistant to P. capsici were
commercially available. Quesada-Ocampo and Hausbeck [173] screened 42 tomato cultivars
and wild relatives for their resistance against P. capsici, and found Solanum habrochaites
accession LA407, was resistant to all P. capsici isolates tested, with four additional cultivars
having moderate resistance. However, the authors analyzed the genes of these cultivars
and found a lack of correlation between genetic clusters and susceptibility to P. capsici,
indicating that resistance was distributed in several tomato lineages. In a subsequent
study, Quesada-Ocampo et al. [178] generated 62 backcross lines using LA407, and tested
their resistance against different P. capsici strains and used annotated markers to locate
genes related to the resistance. Though the researchers found that the resistance had
a good inheritability among the population, they failed to find any annotated markers
strongly associated with P. capsici resistance, with genes with annotation linked to disease
resistance responses mapped to all chromosomes segregated among the population with
the exceptions for 8, 9, 11, and 12. Therefore, the resistance of tomatos to P. capsici has not
been related to specific gene/loci so far, and further studies are required.

3.4.2. Biocontrol

With insufficient levels of conventional control measures against Phytophthora root
rot of tomatoes, antagonistic microbes and organic amendments have been tested to find
feasible biocontrol approaches. Bacteria species are frequently studied for their biocontrol
properties against Phytophthora root rot. Moataza [179] tested five Pseudomonas fluorescences
strains against Rhizoctonia solani and P. capsici in tomato pot trials, and concluded that
two strains, NRC1 and NRC3 had strong lytic activities leading to the destruction of the
pathogens, but the method used in this research was seed coating, which may not be
commercially feasible. In another study, Sharma et al. [180] tested 20 Bacillus strains against
P. capsici on tomatoes grown in net house, and found one species, B. subtilis showed the best
efficiency in terms of decreased disease severity. Furthermore, Syed-Ab-Rahman et al. [181]
tested three bacteria- B. amyloliquefaciens, B. velezensis and Acinetobacter sp. on tomato, and
concluded all three bacteria promoted tomato growth while significantly reducing the
P. capsici load in their roots. An oomycete, Pythium oligandrum was also tested, and was
believed to synthesize two Necrosis- and ethylene-inducing peptide 1 (Nep1)-like proteins
PyolNLP5 and PyolNLP7, which induced the expression of antimicrobial tomato defensin
genes against P. capsici [182].

The application of organic amendments is another approach to biocontrol. For P. capsici
management, Nicol and Burlakoti [183] aerated compost and water and produced four
aerobic compost teas. When tested in the glasshouse, the researchers concluded that if
these products were drenched in potting mix before and after P. capsici inoculation, the
disease progression was reduced by over 70%, with improved plant growth. Other efforts
of using composts against P. capsici have generally been attempted on pepper [184–186], so
the effects of these composts on tomatoes are unknown.

3.5. Pythium Root Rot and Damping-Off

The oomycete Pythium species tend to infect and cause rot of seeds, rootlets, root tips,
and root hairs, with a preference for younger tissue at the root elongation zone and lateral
roots [187]. The infection may cause small, brown, water-soaked lesions and can affect the
entire root system [188]. With the focus on younger tissues, Pythium species infection often
causes seedling damping-off at both pre- and post-germination stages [189,190], while
infected older plants may also show stunted growth.

Pythium species overwinter in the soil as oospores or in plant debris as mycelium [191,192].
The germination of the oospore is facilitated by the exudates of germinating seeds and
roots [192]. Similar to P. capsici, the oospore can produce a germ tube or form a sporangium,
which germinates on its own or releases motile zoospores to contact and invade plant
roots [191]. During the invasion, the oomycete hyphae release enzymes to destroy and feed
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on the host tissues [191]. After the invasion, Pythium species can either repeat the infection
cycle in a new host with sporangia or survive as mycelia with sexual and asexual structures
or dormant oospores until the next growing season [191,192].

3.5.1. Conventional Control Methods
Cultural Control

The application of pathogen-free seedlings and the control of irrigation are found to
be effective forms for tomato Pythium disease management [193,194].

For Pythium species, crop rotation is generally not considered to be effective in the
control of tomato infections because most Pythium species have a wide host range [195].
However, one study on wheat found that 3–4-year rotation cycles using wheat, canola and
legume resulted in a significantly smaller disease incidence compared with less diverse
rotations such as two-year wheat-canola [196]. The reason behind this finding may be that
different crops have significantly different susceptibilities to Pythium infection, which may
restrict the soilborne pathogen inoculum build-up after each crop, and eventually reducing
the disease incidence in the next crop.

Physical Control

Soil solarization is an effective method for Pythium control with a long-period (six
weeks to 60 days) of solarization during the summertime having been shown to significantly
reduce the soilborne population of P. aphanidermatum in tropic zones [197,198]. In a field
trial on tomatoes infected by Pythium spp., solarized soil showed a significantly lower mean
damping-off incidence compared with un-solarized soil (2.15% compared with 68%) [199].

Chemical Control

Several chemicals have been used to manage Pythium species, including hymexazol,
mefenoxam (metalaxyl), phosphonate, thiram and 8-Hydroxyquinoline [200–204]. The
chemicals can be applied as seed treatment [205,206] or soil drenching [207] for seedlings
of tomato.

In addition to the common economic and environmental concerns of chemical con-
trol, several major Pythium species collected from the production of various crops have
developed resistance against several chemicals, especially mefenoxam. For example,
Porter et al. [208] reported over 50% of the Pythium soil population consisted of mefenoxam-
resistant isolates in ten of 64 potato fields from Oregon and Washington. Del Castillo
Munera and Hausbeck [209] tested a total of 202 Pythium spp. isolates collected from
Michigan, and found 39% of these, mostly P. ultimum and P. cylindrosporum isolates were
intermediate to highly resistant to mefenoxam. For another major species P. irregulare,
Aegerter et al. [210] tested four P. irregulare isolates from a greenhouse extensively applying
mefenoxam and found no inhibition of growth of any isolate occurred at mefenoxam
concentrations of 10 µg/mL or less. For other Pythium species such as P. aphanidermatum,
resistance to mefenoxam was also reported [211,212]. In a rare case, Garzón et al. [203] even
reported that the disease severity of a mefenoxam-resistant P. aphanidermatum on geranium
can be stimulated by sublethal doses of mefenoxam.

Resistance Breeding

Though the deployment of resistant cultivars is a common and effective strategy
for crop disease management, currently there is no Pythium-resistant tomato. The only
potentially useful genetic resource against Pythium is the genes encoding pathogenesis-
related (PR) proteins, with PR-1 protein showing antifungal activity against oomycetes [213].
Tomato has two related genes, PR1b1 and PR1a2, each encoding a basic and an acidic PR-1
protein [214], but the resistance of PR proteins is not pathogen-specific, with only limited
effects against Pythium species.
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3.5.2. Biocontrol

For biocontrol of Pythium disease on tomatoes, several bacteria strains have been stud-
ied. Postma et al. [215] tested four bacteria strains against P. aphanidermatum and found three
strains, Pseudomonas chlororaphis, Peanibacillus polymyxa and Streptomyces pseudovenezuelae,
significantly controlled P. aphanidermatum in under greenhouse conditions. The effect of
Streptomyces bacteria was also supported by the study of Hassanisaadi et al. [195], who
found two root-symbiont Streptomyces species significantly decreased disease incidence
and improved performance of greenhouse tomato under P. aphanidermatum in stress out of
the 116 tested species. For Bacillus bacteria, Martinez et al. [216] tested one B. subtilis strain
MBI600 in a peat-based potting mix and concluded the addition of this strain significantly
reduce tomato and sweet pepper damping-off and root rot while promoting root growth.
Samaras et al. [204] also tested MBI600 on greenhouse tomatoes and concluded that the ap-
plication of this strain achieved satisfactory control efficacy compared to chemical treatment
with 8-Hydroxyquinoline.

For the application of fungal antagonists, the current focus seems to be on the Tricho-
derma species. Caron et al. [217] tested one local T. harzianum strain MAUL-20 on greenhouse
tomatoes and found that it significantly reduced P. ultimum disease incidence, with a bet-
ter effect compared with Rootshield™, a biofungicide based on T. harzianum KRL-AG2.
Cuevas et al. [202] also tested T. parceramosum, T. pseudokoningii and T. harzianum respec-
tively, and found the application of the Trichoderma pellets into the field before seeding can
minimize the activity of Pythium spp., with a higher seed germination rate compared with
the treatment using chemical fungicide mancozeb. Elshahawy and El-Mohamedy [188]
tested the effects of five Trichoderma strains on P. aphanidermatum damping-off of tomatoes
and concluded that under field conditions the combined application of the five isolates
reduced by half the root rot severity while almost doubling the survival of tomato. This was
thought to be through activating tomato defence enzymes and increasing leaf chlorophyll
content, with an increased yield.

Interestingly, even arbuscular mycorrhizal fungi suppressing plant growth may also be
used to control Pythium species. Larsen et al. [218] pre-treated greenhouse tomato seedlings
with Glomus intraradices, G. mosseae, G. claroideum, and then challenged the seedlings with
P. aphanidermatum, with the hypothesis that the application of growth-suppressive fungi
may trigger plant defence response in terms of PR-1 expression to prepare the plants for
Pythium infection. However, the application of arbuscular mycorrhizal fungi did not affect
PR-1 gene expression, with only G. intraradices reducing the pathogen root infection level
of P. aphanidermatum, thus the hypothesis was not confirmed.

Several organic amendments have also been tested against Pythium, such as canola
residues and composts (animal bone charcoal, compost tea, solid green wastes, or green
waste +manure) [215,219–221]. Also, Jayaraj et al. [222] found that formulating amendments
such as lignite with biocontrol agents such as B. subtilis can greatly increase their shelf life,
with good effects on Pythium suppression and plant growth promotion.

3.6. Tomato Verticillium Wilt

Verticillium. dahliae and V. albo-atrum are soilborne fungi that can induce vascular wilt
diseases in over 200 dicotyledonous species, including those economically important such
as tomato [223]. These species invade the host through roots [224,225] and then attack
the vascular system via xylem vessels. This leads to wilting, vascular discoloration, early
senescence, and the eventual death of the infected plant [224].

Though the two Verticillium species have similar lifecycles, V. dahliae causes monocyclic
disease with only one disease cycle in a growing season [224]. In contrast, V. albo-atrum
can produce conidia on infected plant tissues, which can be airborne and contribute to
polycyclic diseases during one growing season [224]. The lifecycles of the two species
both have a dormant, a parasitic, and a saprophytic stage [224]. During the dormant
stage, the resting structures such as microsclerotia and mycelium in soil or plant debris are
under microbiostasis or mycostasis and unable to germinate [224]. The germination of the
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pathogens is stimulated by root exudates from both host and non-host plants [226]. The
pathogens then enter the parasitic stage by invading hosts through the root tip or elongation
region to invade the xylem and vascular systems [226]. After the necrosis of the infected
tissue, the saprophytic stage begins, in which the pathogens extend their colonization
to shoots and roots and produce conidia or microsclerotia to repeat the cycle [224]. The
pathogens can be spread by the transport of infected planting stock or by soil cultivation
and soil movement by wind or water [226].

3.6.1. Conventional Control Methods
Cultural Control

Crop rotation with non-host crops is an effective strategy for Verticillium wilt manage-
ment. The known non-host crops include small grain crops such as wheat and corn [227],
and long rotations lasting over four years are recommended [44].

Hygiene is also important for Verticillium wilt control. pathogen-free seed and disease-
free transplants should be used [44], with infected crop debris removed and destroyed
away from the field. Equipment and foot ware should be washed to prevent the movement
of infested soil between fields. Verticillium also prefers humid soil, thus maintaining well-
drained soil, and eliminating excessive soil moisture may also limit the development of the
pathogen [228].

Physical Control

Verticillium prefers cool temperatures for survival and developing symptoms, thus
heating the soil through solarization could be an effective control method. Currently, solar-
ization against Verticillium wilt is practiced generally in Mediterranean, desert, and tropical
climates, because these climates allow the accumulation of adequate heat to neutralize
the pathogen [229]. However, the data on solarization alone showed poorer performance
compared with the MBr application, which can be improved when combined with the
fumigation using MBr alternatives [230].

Chemical Control

Soil fumigation is also used to control Verticillium wilt. MBr alternatives such as
chloropicrin (CP) (trichloronitromethane) are traditionally used as in formulations together
with MBr to achieve a broader spectrum of activity [230]. In a trial by Gullino et al. [72],
CP applied by shank injection at rates ≥30 g/m2 induced a satisfactory and consistent
control of tomato Verticillium wilt, with no phytotoxicity, but the efficiency was slightly
lower than standard MBr application and may have been influenced by soil type and
organic matter content. Metam-sodium and 1,3-dichloropropene are other alternative soil
fumigants, which have been applied in combination or with metam-sodium alone in the
United States to reduce soil populations of V. dahliae [231]. Several other chemicals such
as fungicides including azoxystrobin, benomyl, captan, thiram, and trifloxystrobin, and a
plant defense activator, acibenzolar-S-methyl were also recommended [116,230,232].

Resistance Breeding

By far, the most feasible and economic control for Verticillium wilt is the application
of resistant cultivars. The resistance gene in tomato to V. dahliae was first identified as
a single dominant factor in the reciprocal crosses between the wilt-resistant variety W6
(Peru Wild × Century) and Moscow, a susceptible variety, and named as Ve in 1951 [233].
Ve was found to be a locus, which contains two genes, Ve1 and Ve2, with only Ve1 found to
mediate resistance in tomato [223]. The strains of V. dahliae resistant to Ve1 and V. albo-atrum
were assigned to race 2 [223]. The Ve1 gene has been incorporated into many commer-
cial cultivars. However, all the current verticillium-resistant gene resources are against
V. dahliae race 1, thus all race 2 strains of V. dahliae and V. albo-atrum can still infect the
resistant cultivars.
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3.6.2. Biocontrol

Biological control may be a promising method to control Verticillium wilt, given
that most current management methods have limited efficiency. Various microorganisms
have been tested against V. dahliae, such as bacteria Bacillus subtilis and B. velezensis [234],
and fungi including Burkholderia gladioli [235], Gliocladium spp., Penicillium sp. [236,237],
Trichoderma spp. [238], Talaromyces flavus [239], and even V. klebahnii and V. isaacii with low
pathogenicity [240]. Though most of the microorganisms are found to be effective in trials,
most of the trials were carried out in greenhouses or with sterilized soil, with only a few
verified in field conditions. Larena et al. [237] conducted a field assay using P. oxalicum and
concluded that seedlings needed to be treated with 106–107 CFU/g of the biocontrol agent
around a week before transplanting to achieve a sufficient level of control, but only in a
certain soil type (loam soil, pH = 7.0), and the formulation may not be feasible for tomato
mass production due to the high CFU density requirement.

The application of organic amendments is known as another approach for crop disease
biocontrol. It has long been known that bloodmeal and fishmeal can eliminate the incidence
of Verticillium wilt in tomato [230]. Compared to animal-based amendments (manure),
plant-based amendments not only support beneficial microbial activities but also have
greater efficiency on pathogens due to deleterious chemicals produced by the plants, in
addition to supporting beneficial microbial activities [241]. Giotis et al. [12] concluded
that fresh Brassica tissue, household waste compost, and composted cow manure signifi-
cantly reduced soilborne disease severity of tomato Verticillium wilt, with enhanced plant
growth. Similar results were also achieved by Kadoglidou et al. [242], who applied soil
incorporated spearmint and oregano-dried plant material, which caused disease suppres-
sion resulting in increased fruit yields of tomatoes inoculated with V. dahliae. Moreover,
Ait Rahou et al. [243] used compost based on green waste (quackgrass) to greenhouse toma-
toes inoculated with Verticillium and concluded that growth regulators directly produced by
the microorganisms in the compost improved plant growth significantly. However, when
Lazarovits et al. [244] applied compost made from sewage sludge to suppress V. dahliae
in tomato plants, phytotoxicity was detected over one month, which may have been due
to the excessive accumulation of plant-toxic heavy metals in soils. To conclude, though
organic amendments may be useful for Verticillium wilt management, they may also carry
toxic compounds which may lead to undesired effects.

4. Conclusions and Future Perspective

Among the field processing tomato producing countries covered in this review, the
major soilborne fungal/oomycete pathogens affecting their tomato production are Fol, Forl,
P. lycopersici and P. capsici, with the pathogenic Verticillium spp., and Pythium spp. being
also important in certain countries. The various management methods (Table 1) generally
have variable levels of effectiveness on the diseases (Table 2). For cultural controls, hygiene
is fundamental to disease control, while the effectiveness of crop rotation is affected by the
host range and longevity of the corresponding pathogen in soil and crop debris. Physical
control represented by soil solarization is generally effective except for Fol which can
withstand high temperatures, but the level of success is affected by several environmental
and biological factors, thus it may work better as a part of integrated disease management.
The situation of chemical control is more problematic. The industry used to rely heavily
on the broad-spectrum, cost-efficient MBr soil fumigation effective against all soilborne
pathogens, but it turned out to be a lose-lose. MBr heavily damaged the ozone layer, which
resulted in it being banned globally, while the ban in turn caused enormous losses to the
industry. For example, Cao et al. [132] estimated that in Florida, the phase-out of MBr
and the introduction of replacements may have caused a 20% tomato yield reduction and
a $1656 decrease in profit per acre, which substantially harmed the competitiveness and
sustainability of the tomato industry of Florida. As discussed above, alternative chemicals
are available for the control of all diseases, but these generally have reduced spectrum and
cost-efficiency, and in some cases, the pathogens have already developed certain levels
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of resistance. The situation is further exacerbated by the decreasing public acceptance of
the chemical application, and the fact that even some alternatives to MBr, such as metam
sodium, have been banned or are scheduled for a phase-out in certain areas [245]. Breeding
for disease resistance remains highly effective, but it is traditionally laborious and time-
consuming, and genes for complete resistance to P. lycopersici, Pythium sp., V. dahilae race 2,
and V. albo-atrum have not been identified.

Table 1. Different management methods and their examples are mentioned in this review.

Management Methods Examples

Cultural control Crop rotation, farrowing, hygiene
Physical control Soil solarization, soil warming
Chemical control Soil chemical fumigation, application of fungicide

Resistance breeding Crossing the desired traits from wild relatives into cultivated tomato varieties
Biological control Biocontrol agents, organic soil amendments

Table 2. Advantages and disadvantages of the management methods concluded from this review.

Management Methods Advantages Disadvantages

Cultural control Basic, easy to be carried out Limited controlling effects

Can be integrated into other management methods Laborious

Physical control Effective against pathogens residing in soil May not be economically feasible

Material highly accessible Effectiveness depends on the local environment and the
biology of the pathogen

Less effective in deep soil

Chemical control Highly effective-at least in the initial stages High cost

Broad-spectrum effect of fumigation Requiring registration

Target-specificity of fungicides Negative effects on the environment and human health

Industrialized process Decreasing public acceptance

Resistance breeding Target-specific resistance Laborious

Sustainability Time-consuming

Environmentally friendly Resistance traits against certain pathogens do not exist

Biological control Various mechanisms against specific pathogens New, largely in in vitro trial stage

Sustainability Impact on the indigenous microbial community

Environmentally friendly Requiring registration

Highly levels of disease control effects

High public acceptance

Cost-efficiency

Turns waste into use

Though relatively new for crop disease management, biological control seems to show
promise. Although most biocontrol agents are still in the greenhouse trial stage, assessment
has shown satisfying levels of disease control, many of which directly attack pathogens
or initiate the plant’s own defence mechanisms, and some directly improve the growth
and development of crops. Also, the use of organic amendments may not only improve
the plant growth, but also utilize unwanted organic products, which may go to waste
otherwise. Therefore, the advantages of biocontrol may minimize the adverse effects on the
environment while being highly appealing to the public.

Disease management has long been challenging for the tomato industry. Cultivated
tomato is considered to have low genetic diversity due to the population bottleneck ef-
fect of domestication and artificial selection [246], making them vulnerable to destructive
pathogens. Also, temperate climates and adequate humidity is preferred by cultivated
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tomatoes [32], which may also facilitate the flourishing of soilborne microorganisms, in-
cluding pathogens. Moreover, the fast development of international trade in recent years
has brought new threats by allowing the emergence of pathogens into new geographical
locations through transporting infected products [247], which can adapt to the new environ-
ment via mutation or merging with their local native relatives. Also, climate change may
also facilitate the natural movement of pathogens. As demonstrated by Bebber et al. [248],
global warming has made crop pathogens move poleward, affecting the zones that used
to be too cold for them to survive. More importantly, climate change is particularly chal-
lenging for the processing tomato industry. Cammarano et al. [249] made predictions of
global tomato yield based on five potential future global warming scenarios and concluded
that around 6% decline in processing tomato production may take place in the three major
producing areas (California, China, and Italy) by 2050 due to the increased temperature,
with little differences between the scenarios.

With conventional disease management strategies becoming inadequate for the chal-
lenges brought about by pathogen resistance, global trade, and climate change, innovative
control strategies are needed. Biocontrol, with its good potential in disease control effi-
ciency, public acceptance, and crop yield improvement, should be incorporated into the
integrated disease management of field processing tomato. This will complement cultural
practices, physical disease management, and modern breeding techniques such as gene
editing and CRISPR/Cas, to develop management practices emphasizing sustainability
and the security of both food and the environment, and hence greatly reduced reliance on
synthesized chemical application.
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Abstract: Fusarium solani is the main pathogenic fungus causing the root rot of wolfberry (Lycium
barbarum). The endophytic fungus Metarhizium robertsii has been widely used for the biocontrol
of plant pathogenic fungi, but the biocontrol effects of this fungus on wolfberry root rot and its
antifungal mechanism against F. solani have not been reported. In this study, the antagonism of
endophytic fungus M. robertsii against F. solani was verified. Further, we optimized the fermentation
conditions of M. robertsii fermentation broth based on the inhibition rate of F. solani. In addition,
the effects of M. robertsii fermentation broth on the root rot of wolfberry and its partial inhibition
mechanism were investigated. The results showed that M. robertsii exhibited good antagonism against
F. solani. Glucose and beef extracts were the optimal carbon and nitrogen sources for the fermentation
of M. robertsii. Under the conditions of 29 ◦C, 190 rpm, and pH 7.0, the fermentation broth of M.
robertsii had the best inhibition effect on F. solani. Furthermore, the fermentation broth treatment
decreased the activities of superoxide dismutase, catalase, and peroxidase of F. solani; promoted the
accumulation of malondialdehyde; and accelerated the leakage of soluble protein and the decrease in
soluble sugar. In addition, inoculation with M. robertsii significantly reduced the decay incidence and
disease index of wolfberry root rot caused by F. solani. These results indicate that M. robertsii could be
used as a biological control agent in wolfberry root rot disease management.

Keywords: endophytic fungus; Lycium barbarum; disease control; Fusarium solani; antifungal mechanism

1. Introduction

As a medicinal and functional food, wolfberry (Lycium barbarum) has a long history
of planting and cultivation, and it is widely planted in the Nei Monggol, Gansu, Ningxia,
Shaanxi, and Qinghai provinces in China [1]. This plant has a high nutritional value and
contains a variety of bioactive compounds such as polysaccharides, minerals, carotenoids,
and polyphenols, for which their various effects include anticancer, antiaging, and hypo-
glycemic [2]. However, wolfberry plants are susceptible to phytopathogenic fungi, resulting
in decreased fruit quality and yield. Among them, root rot caused by Fusarium solani is
one of the major soil-borne diseases. The disease occurs in a wide range, spreads rapidly,
and is highly destructive. It can cause the yellowing of plant leaves and the shrinking of
branches, resulting in a decline in the quality of wolfberry fruit and a decrease in yield.
In severe cases, it can lead to the death of the entire plant, causing great economic losses
to local wolfberry growers [3]. Therefore, the effective prevention and control of root rot
disease are of great significance for the healthy development of the wolfberry industry.

Biological control agents have been widely used to control plant root rot due to their
advantages of safety, high efficiency, and low cost. Trichoderma harzianum, Rhizobium
japonicum, and T. atroviridae treatments significantly reduce the incidence and severity of
peanut and soybean root rot caused by F. solani, and they also show good plant growth
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promotion effects [4–6]. Metarhizium robertsii is a common entomopathogenic fungus and
has been proven to be a plant endophytic fungus [7–9]; it has a significant and persistent
pest control effect on its natural insect enemies. Metarhizium biological agents have been
commercialized to some extent in the United States, Brazil, and Europe. The application of
M. robertsii showed good biological control against banana stem weevil Odoiporus longicollis
Oliver and European grapevine moth Lobesia botrana [10,11]. In addition, Metarhizium
robertsii also showed good effects in plant disease control and significantly decreased
the disease index of soybean root rot caused by F. solani [7]. Antioxidant systems play
an important role in ROS scavenging, and superoxide dismutase (SOD), catalase (CAT),
and peroxidase (POD) are important antioxidant enzymes in pathogenic fungi [12]. The
inhibition of antioxidant enzyme activity may disrupt the balance of ROS metabolism, thus
affecting the growth and pathogenicity of pathogenic fungi. Malondialdehyde (MDA) is
one of the indicators used to measure the degree of oxidative stress, which can reflect the
degree of fungal membrane lipid peroxidation. Soluble protein and soluble sugar could
act as measures for the level of protein damage and cell carbon metabolism. Our previous
study found that M. robertsii is also an endophytic fungus of wolfberry, but its control effect
on the root rot of wolfberry has not been reported. In addition, whether its antifungal
mechanism is related to the reduction in antioxidant enzymes and the destruction of cell
membrane structure remains unclear.

The production of secondary metabolites with antifungal effects is the key to bio-
logical control. The production of these antifungal substances is not only related to the
genetic characteristics of the fungus itself but is also influenced by the medium, nutrient
composition, and fermentation conditions. The optimization of medium composition and
fermentation conditions can significantly increase the production of antifungal secondary
metabolites and enhance the inhibitory effect on pathogenic fungi [13]. In one study, corn
steep liquor as a nitrogen source promoted the growth of M. robertsii blastospore and
increased its virulence relative to corn leafhopper Dalbulus maidis [14]. The optimal fermen-
tation conditions obtained using response surface methodology optimization significantly
increased the inhibition of Fulvia fulva and Botryosphaeria dothidea by Streptomyces lavendulae
fermentation broth [15]. Although M. robertsii has been reported to inhibit the root rot of
soybeans, the relationship between this fungus’s fermentation conditions and its biocontrol
potential against F. solani is still unclear.

The aims of this study were to (1) analyze the effects of different carbon and nitro-
gen sources as well as fermentation conditions on the antifungal activity of M. robertsii;
(2) optimize the fermentation conditions of M. robertsii using response surface methodology
to increase the antifungal activity of the fermentation broth; and (3) investigate the biocon-
trol effect of M. robertsii on the root rot of wolfberry and possible antifungal mechanism
against F. solani.

2. Materials and Methods
2.1. Fungal Strain, Culture Medium, and Wolfberry Plant

The isolation, screening, identification, and preservation of M. robertsii (HYC-7 strain)
and F. solani were carried out at the Forest Protection Laboratory, College of Forestry, Gansu
Agricultural University.

Basic fermentation medium: NaNO3 (3 g), KH2PO4 (1 g), MgSO4 (0.5 g), KCl (0.5 g),
FeSO4 (0.01 g), sucrose (30 g), potato (200 g), and distilled water (up to 1 L).

One-year-old healthy wolfberry plants were collected from the economic forest teach-
ing and research practice base of Gansu Agricultural University.

2.2. Determination of the Antagonistic Effect of HYC-7 Strain on F. solani

Fusarium solani was inoculated on one side of the PDA plate, and the HYC-7 strain
was inoculated on the other side at a symmetrical position 3 cm from the edge of the plate.
After culturing at 25 ◦C for 5 d, the antagonistic effect was observed, and the inhibition rate
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of F. solani was calculated: inhibition rate = (colony diameter of control group − colony
diameter of treatment group)/(colony diameter of control group) × 100%.

2.3. Screening of Optimum Carbon and Nitrogen Sources for Fermentation Medium

Mannitol, glucose, maltose, lactose, and soluble starch were selected as carbon sources
to replace sucrose; beef extract, yeast extract paste, L-glutamic acid, carbamide and peptone
(purity ≥ 99.7%, Tianjin Guangfu Fine Chemical Research Institute, Tianjin, China) were
selected as nitrogen sources to replace sodium nitrate in the basic medium.

Different nitrogen and carbon source liquid fermentation media were each placed
into 150 mL conical flasks for 30 min. After cooling, 1 mL of the spore suspension
(1 × 107 mL−1) of the HYC-7 strain was added to each fermentation liquid medium; sterile
water and Tween-80 were selected as the control. The medium was incubated in a constant-
temperature shaker at 28 ◦C and 160 rpm for 5 d. The fermentation broth was centrifuged at
4 ◦C and 9900× g for 20 min to obtain the supernatant and then filtered through a 0.22 µm
microporous membrane for later use. The fermentation broth was mixed with the PDA
medium at a ratio of 30% [8]. After cooling, the fungus cake of F. solani was inoculated in
the center of the plate and cultured at 28 ◦C in the dark. When the colony diameter in the
control group reached 3/4 of the diameter of the plate, it was measured using the crossover
method and the inhibition rate was calculated according to the following formula:

Inhibition rate (%) = (A−B)
(A)

× 100; A and B represent the colony diameter of the control
and treatment group, respectively.

2.4. Single-Factor Test of the Effect of Different Fermentation Conditions on the Inhibition Rate of
HYC-7 Fermentation Broth

Under the basic conditions of temperature (28 ◦C), pH (6.0), inoculation amount
(1 mL), loaded liquid (60 mL), and rotational speed (160 rpm), we kept the other conditions
constant and only changed one condition to conduct a single-factor test. The following
conditions were set: temperature: 20, 22, 25, 28, and 30 ◦C; pH: 5.0, 6.0, 7.0, 8.0, 9.0, and
10.0; inoculation amount: 0.5, 1, 1.5, 2, 2.5, and 3 mL; loaded liquid: 40, 50, 60, 70, and
80 mL; rotational speed: 120, 140, 160, 180, and 200 rpm. Six replicates of each treatment
were created and incubated for 5 d in a constant-temperature shaker; then, the inhibition
rate was determined using the fermentation broth according to the method in Section 2.3.

2.5. Response Surface Optimization Test

On the basis of the single-factor test, the three pH (A), rotational speed (B), and
temperature (◦C) parameters were optimized. The response surface test scheme was
designed according to the Box–Behnken method in the Design-Expert 8.0.6 software, as
shown in Tables S1 and S2.

2.6. Determination of Colony Diameter, Sporulation, Spore Germination Rate, and Germ Tube
Length

The HYC-7 strains were inoculated in a basic 60 mL fermentation medium and cultured
in a constant-temperature shaker at 190 rpm and 29 ◦C for 5 d. Then, the fermentation broth
was centrifuged at 4 ◦C and 9900× g for 20 min, and the supernatant was taken and filtered
through a 0.22 µm microporous membrane. A sterile fermentation filtrate was obtained
for use.

The colony diameter, sporulation, spore germination rate, and germ tube length were
determined according to the method of Li et al. (2020) [16]. The sterile fermentation filtrate
was mixed with the PDA medium according to volume fractions of 10%, 20%, 30%, 40%,
and 50%, and the basic fermentation medium was used as the control. The fungus cake of
F. solani was inoculated to the center of the plate at 28 ◦C in the dark for 7 d. The colony
diameter was measured using the crossover method. A plate cultured for 7 d was taken,
and 10 mL of sterile water was added. Spores were gently scraped off the plate with a
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sterilizing coater. After the sterile gauze was filtered, sporulation was counted using a
hemocytometer.

The sterile fermentation filtrate was mixed with the PDB medium in volume fractions
of 10%, 20%, 30%, 40%, and 50%, and the same amount of basic fermentation medium was
added as the control. With a pipette gun, the medium was absorbed and suspended on a
hollow glass slide and cultured at 28 ◦C in the dark. After 6 h, a microscope was used to
count the spore germination and measure the length of the germ tubes. Germ tubes longer
than half of the spore length were considered as spore germination.

2.7. Determination of Antioxidant Enzymes Activity

After F. solani were cultured in PDB medium for 7 d, they were filtered and collected;
washed with sterile water; mixed with fermentation broth at 1:50 (w/v); treated for 0, 3, 6,
9, 12, 24, 36, and 48 h; and stored in liquid nitrogen for later use.

The assays of SOD, CAT, and POD activities were based on the methods previously
described by Zhang et al. (2022) and Wang et al. (2021) [17,18]. In total, 0.2 g of frozen
mycelium was ground in 5 mL of precooled phosphate buffer (50 mM and pH 7.8) and
centrifuged at 4 ◦C and 9900× g for 20 min, and the supernatant was the crude enzyme of
SOD and CAT. The SOD determination reaction system included 1.5 mL of phosphate buffer
(50 mM, pH 7.8), 0.3 of mL L-methionine (130 mM), 0.3 mL nitroblue tetrazolium chloride
(750 µM), 0.3 mL of EDTA-Na2 (100 µM), 0.5 mL of distilled water, 0.3 mL of riboflavin
(20 µM), and 100 µL of crude enzyme solution. Subsequently, the mixture was placed in 25
◦C and 3000–4000 lx light conditions for 20 min and then placed in the dark to terminate
the reaction; the absorbance value was immediately measured at 560 nm. One activity
unit (U) of the SOD enzyme inhibits 50% of the photochemical reduction of NBT and is
expressed as U·g−1 FW. The CAT determination reaction system included 2.9 mL of H2O2
(0.067%) and 0.1 mL of enzyme solution, with distilled water as the control. The change
in OD240 within 2 min was recorded. A decrease of 0.01 OD240 per minute was defined as
one unit (U) and expressed as U·g−1 FW. The POD determination reaction system included
2.6 mL of guaiacol (0.3%), 0.3 mL of H2O2 (0.6%), and 0.1 mL of enzyme solution, with
distilled water as the control. The change in OD470 within 2 min was recorded. An increase
of 0.01 OD470 per minute was defined as one unit (U) and expressed as U·g−1 FW.

2.8. Determination of Content of Malondialdehyde, Soluble Protein, and Soluble Sugar

Malondialdehyde content was determined according to the method of Li et al. (2020) [15].
The 0.2 g of frozen mycelium was ground in 5 mL of TCA (10%) in an ice bath and
centrifuged at 4 ◦C and 9900× g for 20 min, and the supernatant was the crude extract. In
total, 1 mL of crude extract was added to 2 mL of 0.67% thiobarbituric acid in a boiling
water bath for 30 min and then centrifuged after rapid cooling. The absorbance value of
the supernatant was measured at 450 nm, 532 nm, and 600 nm. The MDA content was
expressed as mmol·g−1 FW.

The soluble protein content was determined according to the method of Bradford.
(1976) [19]. Then, 0.2 g of frozen mycelium was ground in 5 mL of distilled water in an
ice bath and centrifuged at 4 ◦C and 9900× g for 20 min; the supernatant was a protein
extraction solution. An amount of 0.5 mL of the extract was added to 0.5 mL of distilled
water and 5 mL of Coomas bright blue G-250 reagent. After standing for 2 min, the
absorbance value was measured at 595 nm. The soluble protein content was calculated
using a standard curve and expressed as mg·g−1 FW.

The content of soluble sugar was determined according to the method of Dai et al.
(2017) [20]. Then, 0.2 g of frozen mycelium was ground in 5 mL of distilled water and
transferred to a test tube, boiled for 30 min, naturally cooled, and filtered into a 25 mL
volumetric flask. In total, 0.5 mL of filtrate was added to 1.5 mL of distilled water, 0.5 mL
of anthrone solution, and 5 mL of concentrated sulfuric acid successively. After the reaction
solution became transparent, the absorbance value was determined at 620 nm. The soluble
sugar content was expressed as mg·g−1 FW.

38



Microorganisms 2023, 11, 2380

2.9. Determination of Decay Incidence and Disease Index of Wolfberry

Healthy wolfberry root tissues were selected and washed with running water to
remove soil. Then, they were soaked in 75% alcohol for 20 s, 0.1% mercuric chloride
solution for 30 s, and finally rinsed with sterile water to remove the disinfectant residue.
The roots were cut into 10 mm slices with a sterile blade, and the surface of the roots was
pierced evenly with a sterile needle. HYC-7 strain, F. solani, and HYC-7 strain + F. solani
were inoculated as treatment groups, and sterile water was used as the control. The specific
experimental steps were as follows: The injured wolfberry root tissues were soaked in the
fermentation broth of the HYC-7 strain with a concentration of 1 × 107 spores/mL for
30 min and then placed in a Petri dish with moist sterile filter paper. Fusarium solani with
a concentration of 1 × 106 spores/mL were sprayed uniformly on the surface of the root
tissues after 24 h and then cultured at 28 ◦C in the dark. According to the severity of the
root’s decay, they were divided into five grades, where 0 = no root rot symptoms; 1 = less
than 5% root area rotted; 2 = 5–25% root area rotted; 3 = 26–50% root area rotted; 4 = 51–75%
root area rotted; and 5 = more than 75% root area rotted. After 7 d, the decay incidence and
disease index were determined according to the method of Sasan and Bidochka. (2013) and
calculated as the following formulas [7].

Decay incidence (%) =
Number of diseased plants

Investigation of total number of plants
×100

Disease index (%) =
Σ(Number of disease at all levels × Disease grade)
Survey the total number of plants × Highest grade

×100

2.10. Data Analysis

All determinations in this study were repeated at least three times. Data were ex-
pressed as means and standard errors, and Origin 2022b was used for mapping. The
significance analysis of Duncan’s multiple differences was performed using SPSS 22.0
(SPSS, Chicago, IL, USA).

3. Results
3.1. HYC-7 Strain on F. solani

The results of the PDA plate confrontation showed that the HYC-7 strain had a
significant antagonistic effect on F. solani, with an inhibition rate of 39. 8% at the 5th d of
culture (Figure 1).
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3.2. Screening of Optimum Nitrogen and Carbon Sources for Fermentation Medium

Nitrogen and carbon sources are important nutrients for fungal growth. The results
showed that the inhibition rate of the HYC-7 fermentation broth was significantly different
in different nitrogen and carbon source media. When beef extract and glucose were used
as nitrogen and carbon sources, the inhibition rates of the fermentation broth were 40.35%
and 35.58%, respectively, which were significantly higher than those of other nitrogen and
carbon sources (p < 0.05) (Figure 2). Therefore, the fermentation medium with beef extract
as the nitrogen source and glucose as the carbon source was selected for the single-factor
test and the collection of HYC-7 strain fermentation broth.
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Figure 2. Effect of different nitrogen (A) and carbon sources (B) on the inhibition rate of HYC-7
strain fermentation broth. Vertical bars represent standard error (±SE), and different letters indicate
significant differences between groups (p < 0.05).

3.3. Single-Factor Test

The inhibition rate of the HYC-7 fermentation broth showed a first increasing and then
decreasing trend with an increase in pH. When the pH was 9, the highest inhibition rate
was 38.9% (Figure 3A). When the inoculation amount was within the range of 0.5–3.0 mL,
the inhibition rate of the HYC-7 fermentation broth showed an obvious first increasing and
then decreasing trend. When the inoculation amount was 2 mL, the inhibition rate was
28.11%, which was significantly higher than other groups (p < 0.05) (Figure 3B). The loaded
liquid had a significant effect on the inhibition rate of the HYC-7 fermentation broth. When
the loaded liquid was 70 mL, the maximum inhibition rate was 30.75% (Figure 3C). The
inhibition rate of the fermentation broth increased with an increase in rotational speed. The
maximum inhibition rate was 38.39% at 200 rpm (Figure 3D). The inhibition rate of the
fermentation broth decreased first and then increased with an increase in temperature and
reached a maximum value of 38.02% at 28 ◦C (Figure 3E).
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Figure 3. Effects of pH (A), inoculation amount (B), loaded liquid (C), rotational speed (D), and
temperature (E) on the inhibition rate of the HYC-7 strain fermentation broth. Vertical bars represent
standard error (±SE), and different letters indicate significant differences between groups (p < 0.05).

3.4. Response Surface Test Optimization Results

The response surface test’s design and results are shown in Table S2.

3.4.1. Regression Equation Fitting and Analysis of Variance

A mathematical model with the regression equation was established via statistical
analyses of the experimental data: the inhibition rate (%) = 51.71 − 3.09 A − 0.10 B + 3.37 C
+ 2.96 AB + 0.45AC + 0.80 BC − 4.38 A2 − 8.39 B2 − 7.51 C2.

Variance analysis and the significant difference test were conducted for the regression
model, and the results are shown in Table S3. The regression of the model was significant
(p < 0.0001). The loss of quasi-item p = 0.1179 > 0.05 was not significant, indicating that the
model was suitable with a high degree of fit, indicating that the test results were consistent
with the model, while other unknown factors had little interference in the test results; the
model was suitable, and the fitting degree was high, so the establishment of the regression
model had a certain guiding significance. At the same time, the first A, C, and AB terms
and the second A2, B2, and C2 terms all had significant antifungal activity. The correlation
of the model was high with a regression coefficient of R2 = 0.9777. The regression coefficient
was R2 = 0.9777; this showed that the correlation of the model was high. The F value
represents the importance of each influencing factor to the test index. The larger the F
value, the stronger the influence of the factor on the inhibition rate. The results showed
that the influence of three factors on the inhibition rate was in the order of temperature
(C, ◦C) > pH (A) > rotational speed (B, rpm).

3.4.2. Response Surface Analysis of Interaction of Various Factors

The response surface diagram below could more intuitively reflect the interaction
of the three main factors and their influence on the inhibition rate. It can be observed
in the surface diagram and contour lines in (Figure 4) that the interaction between A
(pH) and B (rotational speed) had a significant impact on the antifungal activity of the
strain. This is consistent with the results shown in Table S3, such as AB = 0.0102 < 0.05. The
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optimal conditions were obtained using a quadratic multinomial regression fitting equation:
pH—6.96; rotational speed—189.40 rpm; and fermentation temperature—29.21 ◦C. Under
these conditions, the predicted inhibition rate was 52.62%. The optimal fermentation
conditions were a pH of 7.0; a rotational speed of 190 rpm; and a culture temperature of
29 ◦C for simple and feasible operation.
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The fermentation broth was prepared under the optimal fermentation conditions (pH
7.0, 190 rpm, and 29 ◦C) and repeated three times to verify the accuracy of the model.
The average inhibition rate was 51.80%, which was consistent with the predicted value of
52.62%.

3.5. Effects of HYC-7 Fermentation Broth on the Growth and Development of F. solani

The colony diameter could visually reflect the amount of mycelium growth. Com-
pared with the control, the colony diameter of F. solani decreased continuously with the
increase in fermentation broth concentration. When the concentration of fermentation
broth was 50%, the colony diameter was the smallest, which was 65.2% lower than the
control (p < 0.05) (Figure 5A). Sporulation, spore germination rate, and germ tube length
are important indicators for measuring fungal reproductive capacity and spore viability.
Compared with the control, the lowest sporulation was observed when the fermentation
broth concentration was 30%, which was 82.1% lower than the control (p < 0.05) (Figure 5B).
When the fermentation broth concentration was 30%, 40%, and 50%, there were no signifi-
cant differences in sporulation. Similarly, both the spore germination rate and germ tube
length of F. solani gradually decreased with the increase in fermentation broth concentration.
When the concentration of the broth was 50%, the spore germination rate and germ tube
length were the lowest, and they were 75.8% and 62.6% lower than the control (p < 0.05)
(Figure 5C,D).
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Figure 5. Effects of the HYC-7 strain fermentation broth with different concentrations on the colony
diameter (A), sporulation (B), spore germination rate (C), and germ tubes length (D) of F. solani.
Vertical bars represent standard error (±SE), and different letters indicate significant differences
between groups (p < 0.05).

3.6. Effects of HYC-7 Strain Fermentation Broth on the Activities of SOD, CAT, and POD and the
Contents of MDA, Soluble Protein, and Soluble Sugar

SOD, CAT, and POD are important antioxidant enzymes in phytopathogenic fungi
and play an important role in the scavenging of excess reactive oxygen species (ROS). The
SOD activity of both the HYC-7 fermentation treatment and the control F. solani increased
and then decreased during the treatment period, reaching a peak at 24 h. The HYC-7
fermentation broth treatment significantly decreased the SOD activity of F. solani and was
lower than the control during the treatment period. At 24 h and 48 h, they were 29.89%
and 64.01% lower than the control, respectively (p < 0.05) (Figure 6A). The activity of CAT
in both the HYC-7 fermentation broth treatment and the control F. solani also increased
and then decreased during the treatment period, reaching a peak at 24 h. The HYC-7
fermentation broth treatment significantly decreased the CAT activity of F. solani in the
later treatment period, and it was lower than the control by 20.25% and 41.66% at 24 h and
48 h, respectively (p < 0.05) (Figure 6B). The POD activity of the control F. solani increased
continuously during the treatment, but the HYC-7 fermentation broth treatment increased
first and then decreased, always being lower than that of the control. At 24 h and 48 h,
these two were 25.73% and 78.17% lower than the control (p < 0.05) (Figure 6C).

The MDA content of both the HYC-7 fermentation broth treatment and control F.
solani increased continuously during the treatment period. The HYC-7 fermentation broth
treatment significantly increased the MDA content of F. solani and was higher than the
control during the treatment period. At 24 h and 48 h, it was 13.15% and 32.15% higher
than the control, respectively (p < 0.05) (Figure 6D). The soluble protein content of the
HYC-7 fermentation broth treatment and control F. solani increased first and then decreased
during the treatment period. The control reached the peak at 36 h, but the broth treatment
reached the peak at 24 h and then began to decrease rapidly. At 48 h, it was significantly
lower than the control: 30.07% (p < 0.05) (Figure 6E). Similarly, the soluble sugar content
of the broth treatment and control F. solani decreased continuously during the treatment
period. The HYC-7 fermentation broth accelerated the decrease in soluble sugar content,
which was 28.23% and 40.95% lower than that of the control at 24 h and 48 h, respectively
(p < 0.05) (Figure 6F).
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Figure 6. Effects of the HYC-7 strain fermentation broth on the activities of SOD (A), CAT (B),
and POD (C) and the contents of MDA (D), soluble protein (E), and soluble sugar (F) of F. solani.
Vertical bars represent standard error (±SE), and asterisks indicate significant differences between
the treatment and the control at the same time (p < 0.05). SOD: Superoxide dismutase; CAT: catalase;
POD: peroxidase; MDA: malondialdehyde.

3.7. Effect of HYC-7 Fermentation Broth on the Decay Incidence and Disease Index of Wolfberry
Root Rot

As shown in Figure 7, the control group also showed a certain degree of decay inci-
dence. Compared with the control, HYC-7 strain inoculation significantly decreased the
decay incidence and disease index, which were 38.5% and 25.5% lower, respectively, than
those of the control after 7 d of inoculation (p < 0.05). Fusarum solani inoculation resulted in
a more serious decay incidence of wolfberry root rot. Similarly, compared with the F. solani
inoculation, HYC-7 strain+F. solani inoculation significantly decreased the incidence and
disease index by 57.5% and 41.8%, respectively, after 7 d of inoculation (p < 0.05).
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Figure 7. Effect of the HYC-7 strain fermentation broth on the decay incidence (A) and disease index
(B) of wolfberry root rot. Vertical bars represent standard error (±SE), and different letters indicate
significant differences between groups (p < 0.05).
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4. Discussion

In this study, we found that the antifungal activity of M. robertsii fermentation broth
was strongest when glucose and beef paste were used as carbon and nitrogen sources.
This result is similar to the previous results obtained by optimizing the composition of
the Bacillus pumilus fermentation medium [21]. It was also shown that the best carbon
and nitrogen sources for M. anisopliae to produce the secondary metabolite destruxin were
maltose and peptone, respectively, which is inconsistent with the results obtained in the
present study possibly due to differences among the strains [22]. The response surface
results indicated that temperature, pH, and rotational speed had a greater effect on the
antifungal activity of M. robertsii fermentation broth. The optimal fermentation conditions
were a temperature of 29 ◦C, a pH of 7.0, a rotational speed of 190 rpm, and 60 mL of loaded
liquid; the inhibition rate was 51.80% under these conditions. Previous studies have shown
that the evaluation of biocontrol effectiveness is based on the content of antimicrobial
substances or the inhibition rate of the target pathogenic fungi [23]. Using the antifungal
ability of the fermentation broth as a response variable, the response surface methodology
optimized the optimal medium volume, initial pH, and fermentation temperature of the
DS-R5 strain, which significantly improved the inhibition of its fermentation broth against
F. solani [24]. Similarly, the optimization of the fermentation conditions of Xenorhabdus
nematophila using the response surface methodology significantly improved its antibiotic
activity [13].

In this study, it was shown that the HYC-7 strain, isolated from healthy wolfberry inter-
root soil, had a significant biological control effect against root rot disease caused by F. solani.
Previous studies have shown that the key to the biocontrol effect of microorganisms is the
production of secondary metabolites, and the main metabolites in the fermentation broth of
M. anisopliae are the nonribosomal cyclic peptides of destruxins. Destruxins exhibit a variety
of acute toxic effects against insects. In addition, serinocyclin, subglutinol, and swainsonine
were also identified in the secondary metabolites of Metarhizium spp. [25]. Serinocyclin
A showed entomophagous activity as the exposed mosquito larvae to this compound
exhibited abnormal swimming as they were unable to control the position of their heads.
Swainsonine, as a mycotoxin, has the effect of inhibiting lysosomal α-mannosidase [26,27].
In this study, the results indicated that the HYC-7 fermentation broth treatment with
different concentrations had a significant inhibitory effect on the growth and development
of F. solani, and the inhibition increased with the increasing concentration of fermentation
broth volume. This may be due to the increase in the concentration of antifungal secondary
metabolites in the broth with respect to the increase in the concentration volume.

Pathogenic fungi are subjected to severe oxidative stress when infesting plants or
under unfavorable environmental conditions, which can limit their colonization or normal
growth and development [28]. However, such fungi have the ability to scavenge reactive
oxygen species (ROS) to neutralize excess ROS from normal physiological processes or
environmental stresses. SOD catalyzes the conversion of O2

- to H2O2, followed by the
further decomposition of H2O2 to H2O and O2 by CAT, thereby reducing ROS-induced
oxidative stress. POD acts synergistically with CAT and SOD to form an antioxidant
enzyme system that is also involved in the detoxification of H2O2 [29]. Previous studies
found that citral and cinnamaldehyde treatments significantly reduced SOD, CAT, and
POD activities and inhibited the growth of F. sambucinum. Our study indicated that HYC-7
fermentation broth treatment significantly inhibited the SOD, CAT, and POD activities of
F. solani. The inhibition of antioxidant enzyme activity may lead to the disruption of the
balance of ROS metabolism and the massive accumulation of intracellular reactive oxygen
species, which exacerbate cellular membrane lipid peroxidation and disrupted membrane
integrity, resulting in a significant reduction in pathogenicity [28]. Previous studies have
shown that when the cell membrane is destroyed by antibacterial substances, it will cause
changes in permeability, resulting in a large accumulation of MDA and the release of
macromolecular proteins in cells [30]. In this study, we found that the HYC-7 fermentation
broth treatment promoted the accumulation of MDA and accelerated the leakage of soluble
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protein and the decrease in soluble sugar content. Therefore, we inferred that the HYC-
7 fermentation broth caused serious damage to the cell membrane and the leakage of
soluble protein and inhibited the carbon metabolism of F. solani, limiting its normal life
metabolism and thus effectively inhibiting the growth of F. solani. This also indirectly
supported the results that the HYC-7 fermentation broth treatment significantly inhibited
the activities of antioxidant enzymes. These results were consistent with previous reports
that Bacillus pumilus HR10 fermentation broth treatment promoted MDA accumulation
and inhibited soluble protein and soluble sugar content in Sphaeropsis sapinea [31]. In
summary, we suggest that the phenomenon of HYC-7 fermentation broth reducing the
occurrence of wolfberry root rot is related to inhibiting the growth and development of
F. solani, promoting MDA accumulation and accelerating the leakage of soluble protein
and the decrease in soluble sugar content; however, the specific mechanism needs to be
further studied.

5. Conclusions

In this study, the fermentation broth of M. robertsii had the best inhibitory effect on
F. solani when glucose and beef extract were selected as carbon and nitrogen sources. The
fermentation factors affecting the inhibitory effect of M. robertsii fermentation broth were
temperature > pH > rotational speed, and the optimal fermentation conditions were a
temperature of 29 ◦C, a pH of 7.0, a rotational speed of 190 rpm, and 60 mL of loaded liquid;
the inhibition rate was 51.80% under these conditions. Metarhizium robertsii fermentation
broth treatment inhibited colony growth, sporulation, spore germination, and germ tube
elongation of F. solani. Metarhizium robertsii fermentation broth treatment also decreased the
SOD, CAT, and POD activities of F. solani; promoted the accumulation of MDA; accelerated
the leakage of soluble protein; and reduced the soluble sugar content. In addition, M. robert-
sii inoculation significantly decreased the decay incidence and disease index of wolfberry
root rot. In conclusion, we believe that M. robertsii has a good control effect on the root rot
of wolfberry and could be used for the development of biological control agents.
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Abstract: Common Alder (Alnus glutinosa (L.) Gaertn.) is a tree species native to Ireland and Europe
with high economic and ecological importance. The presence of Alder has many benefits including
the ability to adapt to multiple climate types, as well as aiding in ecosystem restoration due to its
colonization capabilities within disturbed soils. However, Alder is susceptible to infection of the root
rot pathogen Phytophthora alni, amongst other pathogens associated with this tree species. P. alni has
become an issue within the forestry sector as it continues to spread across Europe, infecting Alder
plantations, thus affecting their growth and survival and altering ecosystem dynamics. Beneficial
microbiota and biocontrol agents play a crucial role in maintaining the health and resilience of
plants. Studies have shown that beneficial microbes promote plant growth as well as aid in the
protection against pathogens and abiotic stress. Understanding the interactions between A. glutinosa
and its microbiota, both beneficial and pathogenic, is essential for developing integrated management
strategies to mitigate the impact of P. alni and maintain the health of Alder trees. This review is
focused on collating the relevant literature associated with Alder, current threats to the species, what
is known about its microbial composition, and Common Alder–microbe interactions that have been
observed worldwide to date. It also summarizes the beneficial fungi, bacteria, and biocontrol agents,
underpinning genetic mechanisms and secondary metabolites identified within the forestry sector
in relation to the Alder tree species. In addition, biocontrol mechanisms and microbiome-assisted
breeding as well as gaps within research that require further attention are discussed.

Keywords: biocontrol agents; Phytophthora; microbiome; beneficial microbes; pathogens; PGPR; PGPF

1. Introduction

Over the last two decades, there has been an elevated interest regarding the significance
of native tree species, such as Common Alder (Alnus glutinosa (L.) Gaertn) [1], also known
as Black Alder, European Alder, or just Alder. The genus Alnus belongs to the family
Betulaceae, the birch clade [2]. Alder is known to be a short-lived, light-demanding, and
water-demanding species [1]. In addition, Alder preferentially grows in non-shaded areas
with little competition; however, it has the ability to naturally self-prune, as branches tend
to die with lack of light [3,4]. This species typically contains short stalked reddish-brown
winter buds, small flat waxy winged seeds, and woody cone-shaped fruit (catkins) [4,5].
There are more than thirty Alnus species worldwide, including shrubs and trees, with
A. glutinosa being the primary native species within Europe [6,7]. While some other well-
known Alder species include Italian Alder (A. cordata), Grey Alder (A. incana), Red Alder
(A. rubra), White Alder (A. rhombifolia), Japanese Alder (A. japonica), and American Green
Alder (A. viridis) [1,5]. Alder has demonstrated phenomenal resilience due to its adaptation
to a variety of climates around the world [8]. This resilient species tolerates frost and
survives in an extensive range of temperatures [9]. A. glutinosa has been found on a broad
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range of sites; however, it favours wet, riverine, and fertile areas with high humidity [3,10].
Preferable growing sites include riverbanks, ponds, surrounding lakes, streams, marshy
waterlogged areas, shaded mountainous regions, wet woodlands, wet soils, and highlands
with sufficient moisture content [10,11]. This species tends not to grow well on calcareous
soils, acidic peat, arid sandy soils, and areas with stagnant water [1,12]. Alder has been
found in and/or introduced to regions of Africa, Australia, Canada, India, Japan, Russia,
North America, South America, and New Zealand [5,12–14].

Historically, Alder was considered to generate an inferior class of wood with low
economic value [15]. A black dye, known as ‘poor man’s dye’, was produced from Alder
bark and catkins and generally used for tanning leather [15]. Alder had an association
with war and was known as the ‘tree of death’ since when cut, the light-coloured wood
swiftly oxidises to a vivid red, giving a ‘bleeding’ effect [15,16]. Alder wood was used
for items such as war shields, wheels, bowls, tubs, and troughs [15]. Alder has been
used within many regions worldwide for various traditional health and healing medicinal
practices, due to the presence of chemical constituents and biological components such as
flavonoids, terpenes, phenols, saponins, and steroids [17]. For example, Common Alder
bark has been shown to have medicinal benefits and has been used for treating burns,
diseases, and infections, as well as potential antitumor activity [17]. Acero et al. (2012)
conducted an ethno-pharmacological study of Common Alder bark and observed that it
potentially has anti-oxidant and anti-inflammatory properties [18]. Fresh Alder catkins have
shown antioxidant, antimicrobial, and anti-inflammatory properties due to the presence of
polyphenols and certain microorganism strains [19].

Alder tends to have an extensive rooting system and forms large nitrogen-fixing
root nodules via symbiosis with nitrogen-fixing filamentous bacteria, such as the genus
Frankia [20]. Thus, this actinorhizal species has the pioneering ability to improve soil condi-
tions by increasing organic matter and nitrogen content within soils to improve fertility,
contributing to biodiversity so other plant populations can grow in the area. Furthermore,
Alder can colonise areas that have previously been subject to significant disturbance and/or
degradation, playing a vital role in ecosystem and land restoration [1,21]. Other ecological
benefits of Alder roots include the reduction of flooding and soil erosion, water filtra-
tion/purification, and riverbank stabilisation [4,5]. Alder is a biodiverse habitat providing
shelter for numerous plants, animals, and microbes. For example, otters and fish tend
to use Alder roots surrounding waterbodies for nesting purposes as well as shelter to
reduce predation [11]. Alder provides an important food source for several birds, fungi,
lichens, mosses, and approximately 140 insects and mites, resulting in an additional food
source for fish if these insects feed on trees planted beside waterbodies [3,22]. For exam-
ple, Alder leaves provide a food source for plant-eating invertebrates and Alder catkins
provide a source of pollen for bees as well as nectar and seeds for many bird species. The
nitrogen-fixing capabilities of Alder allow for the production of nitrogen-rich leaf litter due
to the presence of invertebrate detritivores and microbial decomposition, which provides
a primary food source for invertebrates that are later eaten by bigger organisms, creating
multiple food chains [23].

Its porous wood has various uses for carpentry, building, furniture production,
biomass production, instrument manufacturing, cabinetry, dyes, and manufacturing char-
coal [3,5,16]. Its timber has high durability and decay resistance beneath water, so it is
frequently used for bridge piles, small boats, water structure supports, and jetties [4,24].
The climatic adaptation of A. glutinosa, coupled with the worldwide distribution of this
species has substantially increased its importance and promising utilisation [8]. As a
result, Alder breeding programs have been established; therefore, greater amounts of
A. glutinosa are being cultivated within commercial forests in order to generate trees to
produce timber [10,16]. As part of the European Union (EU) forest strategy for 2030, policies
on broadleaf and biodiversity have been put in place to improve the quantity and quality
of European forestry; thus, since Alder is a broadleaved species, the volumes of Alder
plantations throughout Europe has increased [25].
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There are numerous existing threats to Alder cultivation, some of which are abiotic
such as drought [26,27], whilst others can be biological such as pathogenic infections [28].
Research regarding the relationship between pathogenic microbes and native trees has
increased because of the elevated levels of disease spread throughout the world, which
has caused damage to and the depletion of numerous tree species. Thus, a greater un-
derstanding of Alnus-associated beneficial microbes could provide an ecological, environ-
mentally sustainable solution to the biological control of Phytophthora infection. Therefore,
to gain a better understanding of the beneficial and pathogenic microbiota associated
with A. glutinosa, this review reports the known microbiome of Alder, pathogenic threats
of Alder, as well as any biological solutions available to date for the control of these
pathogenic threats.

2. The Microbiome of Alder Species

Microorganisms are extremely diverse and plentiful within the environment. The type
and abundance of microbial communities that exist within an organism are influenced
by the environmental conditions surrounding plant communities as well as soil type,
indicating the presence of selective communities associated with different plant species.
Forest trees exist in close association with a diverse range of microbial organisms that
play a crucial role in maintaining tree health, nutrient conditions, and ecosystem functions.
This association can be mutualistic, parasitic, or symbiotic. Combined, these microbial
communities associated with the tree are known as its microbiome. The composition of
the microbial community can vary due to a range of factors including climate, edaphic
conditions, anthropogenic activities, silviculture management practices, and various other
events and stressors [29]. Organic matter and associated decomposition products also
cause changes within forest soils, causing soil physicochemical alterations, acidification,
and supply/leaching of nutrients [30]. The long-lived nature of trees provides a secure
food source for beneficial microbiota as well as parasites and pathogens. In comparison to
annual crops, underground microbial communities related to trees may be more consistent
and have stable interactions due to the deep rooting system, and a constant energy flow
system ranging from photosynthesates being pumped into the soil to the abscission of
leaf/flower and fruit material, leading to organic matter build up in the soil and the absence
of soil disturbance [29].

Tree roots and rhizospheric soil tend to have a particular and plentiful microbial
community due to the occurrence of nutrient and mineral exchange between the soil micro-
biota and tree-component microbiota present in root tissues, ectomycorrhizal fungal roots,
arbuscular mycorrhiza roots, and fungal mycelia [31]. These roots have the ability to alter
the composition of the microbial community within the soil due to the compounds and
root cells that are released into the soil [29]. Throughout tree development, some soil phys-
iochemical properties can change, which causes alterations to the microbial communities
present in the rhizosphere that modify tree morphology, promote growth, and enhance
nutrient and mineral content [32]. Furthermore, beneficial and/or pathogenic bacterial and
fungal communities are also present within the endosphere and phyllosphere microbiota of
forest trees, which create ecological interactions such as mutualism, commensalism, and/or
antagonism [33]. Beneficial microbiota include plant growth-promoting rhizobacteria
(PGPR), plant growth-promoting fungi (PGPF), and biocontrol agents that have the ability
to economically and efficiently alter the metabolism of tree substances in order to improve
the growth, performance, and resistive properties of the species. Moreover, beneficial mi-
crobiota are necessary for the natural degradation of plant residues, since greater amounts
of microbial assemblages are present within residues, which additionally degrade them into
soil organic matter containing beneficial macromolecules and micromolecules. This process
provides increased soil protection and sustains nutrient capacity. Furthermore, when plants
develop under stressful environmental conditions, the plant-associated microbiota tends to
increase levels of hormones such as abscisic acid and jasmonic acid, which help plants reg-
ulate growth and adapt to extreme conditions [33]. Plant growth-promoting microbes tend
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to be found on the root surface or as endophytes within plant tissues, which have the ability
to act as biocontrol agents, bio-fertilisers, and/or bio-stimulants [34]. Due to the complex
relationships and interactions within forest ecosystems, there are still many unknowns
and potential beneficial microbes associated with the microbiome of trees; therefore, it is
important that research on this topic continues.

Plant growth-promoting rhizobacteria (PGPR) play a significant role in the forest
ecosystem by releasing numerous regulatory molecules, aiding the growth and develop-
ment of forest trees [35]. Deciduous forest soils tend to contain a wide array of bacterial
phyla, which include Acidobacteria, Actinobacteria, Proteobacteria, Bacteroidetes, and
Firmicutes [36,37]. PGPR can be found in the rhizosphere, phyllosphere, and/or endo-
sphere and have the ability to promote plant growth in different ways including nitrogen
fixation, the production of the plant hormones such as auxins (e.g., indole acetic acid
(IAA)), enzymes (1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, cellulase, chiti-
nases, etc.) and siderophores, as well as the ability to compete with pathogenic microbes
to minimise the spread of infection [33]. IAA is a plant hormone that regulates growth
and development [38]. ACC deaminase is produced in the presence of ACC, the imme-
diate precursor to the plant stress hormone ethylene, when plants grow within stressful
conditions [39]. ACC deaminase aids plant survival by decreasing the amount of ethy-
lene present, as excessive amounts of this plant hormone can have negative effects on
plant growth [40]. Siderophores have the ability to uptake iron from the rhizosphere
to promote plant growth and contribute to nutrition whilst minimising the amount of
iron available for harmful pathogens [41]. Cellulase has been known to promote the
breakdown of fungal and plant cell walls, aid soil fertility by speeding up the decom-
position of plant residues, reduce spore germination, and reduce fungal growth [42–44].
Richter et al. (2010) analysed cellulase activity to suppress P. cinnamomi, a root rot pathogen
of avocados and reported that sporangia production was reduced when cellulase enzymes
were present, indicating that cellulase enzymes may have the ability to decelerate the
spread of P. cinnamomi within avocado sites [45]. Pectinase is an essential enzyme for
plant growth and development as it breaks down pectin within cell walls, allowing new
plant growth to occur as well as providing entry for beneficial microbes to live endophyti-
cally [46]. Other mechanisms that PGPR induce in order to promote the health and growth
of plants include the production of exopolysaccaride biofilms, organic acids to increase
phosphate solubilisation, hydrogen cyanide to help with biotic stressors, and the produc-
tion of cytokines and gibberellins which aid growth and development [35]. In addition,
some PGPR can reduce oxidative stress by producing abscisic acid as well as stimulating
growth by altering physiological mechanisms using emitted bacterial volatile organic com-
ponents [35]. Some PGPR studies in particular have focused on analysing the interaction
between the Betulaceae family and identified beneficial microbes including Actinobacte-
ria genera (Frankia, Streptomyces) [47–50], an endophytic bacterial genus (Rhizobium) [51],
Bacillus isolates (B. licheniformis, B. pumilus, B. megaterium, and B. longisporus) [52–54], and
Gammaproteobacteria (Pseudomonas) [50,55]. Other known PGPR particularly in agriculture
include Arthrobacter, Azospirillum, Azorhizobium, Burkholderia, Flavobacterium, Mesorhizob,
and Methylobacterium [56]. With the evident advantages of these microbes in agriculture,
there is great potential to exploit these PGPR with further research in the forestry sector.

The inoculation of plants with plant growth-promoting fungi (PGPF) has demon-
strated many health benefits including enhanced seed germination, seed vigour, root
morphogenesis, pathogenic suppression, the reduction of (a)biotic stressors, as well as an
improved process of photosynthesis and mineralization [57]. The roots from the Alnus
species have a tendency to form stable long-term biological interactions with mycorrhizae,
including ectomycorrhizal fungi and/or arbuscular mycorrhizal fungi [58]. This symbiosis
helps to increase the uptake of water and nutrients through the roots, improve tree health,
growth, and reproductive ability, as well as provide a degree of tolerance to (a)biotic stres-
sors [58]. For example, Thiem et al. (2020) showed that the inoculation of Alder seedlings
with an ectomycorrhizal fungus, Paxillus involutus OW-5, promoted growth and increased
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tolerance in saline soils [59]. Culturable dark septate endophytes (DSEs) have the potential
to promote plant growth particularly in metal-contaminated soils due to their capacity
to provide a degree of phytoremediation/phytostabilization of heavy metals, increasing
nutrients within soils, and produce the IAA hormone [2,60]. Fungal melanin tends to
be found alongside some PGPF, which may help promote plant growth by providing a
higher tolerance/resistance to environmental stress and promoting colonisation [58,61].
Fungal melanin exhibits beneficial biological functions including photo-protection, metal
binding, mechanical protection, energy harvesting, cell development, antioxidant func-
tions, anti-desiccant functions, chemical protection, as well as thermoregulation [61]. Some
examples of identified PGPF that interact with the Betulaceae family include arbuscular
mycorrhizal fungi (Gigaspora rosea), ectomycorrhizal fungi (Hebeloma sp., Helotiales sp.,
Geopora sp., Thelephora sp., Tomentella spp., Paxillus involutus, Tylospora, Leccinum, and
Rhizopogon), endophytic fungi (Cryptosporiopsis spp., Rhizoscyphus spp.), DSE (Phialocephala),
and ericoid fungi (Oidiodendron) [2,29,47,58,62–65]. In addition to all the above-mentioned
PGPF, other known growth-promoting microbes used in agriculture belong to the genera
Alternaria, Chaetomium, Penicillum, Phoma, Serendipita, and Trichoderma [66]. There has been
a major growth of interest regarding PGPF acting as bio-fertilisers in agriculture due to
their ecological benefits and plant improvement. In particular, the genera Trichoderma,
Penicillum, and Aspergillus are the most studied within agriculture as they can promote crop
growth and act as eco-friendly biological control agents to promote resistance/tolerance
to biotic stresses [67]. These fungal genera may have potential plant growth-promoting
properties within forestry, if not already used within this sector. Furthermore, exploring
such unknown genera in forest tree species and soils would lead to novel microbes that can
benefit both forestry and agriculture for sustainable production.

What Is Known about the Microbiome of Alder?

To date, there have been few studies regarding microbes associated with A. glutinosa.
Much of the information that is available focuses on the microbial communities present
within Alnus roots and their associated rhizosphere. These studies particularly focus on soil
salinity [68], inoculation with nitrogen-fixing bacteria [69], colonisation capabilities [70],
plant growth promotion [30], antagonistic effects against pathogenic microbes [71], as well
as adaptation to extreme environmental conditions [72]. Alder-associated bacterial microbes
that have been identified belong to the phyla Actinobacteria (Frankia alni), Acidobacte-
ria (Granulicella), Alphaproteobacteria (Caulobacteraceae, Rhizobiales, and Sphingomonas),
Bacteroidetes (Chitinophagaceae, Flavobacteriaceae, and Sphingobacteriaceae,), Betaproteobac-
teria, Firmicutes (Bacillus licheniformis and Bacillus pumilus), Gammaproteobacteria, Pseu-
domonadota (Bradyrhizobium, Oxalobacteraceae, Pseudomonas, Rhizobium, Rhodanobacter, and
Xanthomoadaceae), and Thermoleophilia [20,29,30,36,47,48,50,52,53,65,73]. Phyla of fungal
microbes associated with Alder species include Ascomycota (Cryptosporiopsis), Basidiomy-
cota (Tomentella, Thelephora), Ectomycorrhizal fungi (Alnicola, Lactarius, and Phialocephala),
Glomeromycota (Gigaspora rosea), and Zygomycota (Rhizocyphus) [2,20,47,58,60,65,74]. See
Figure 1 for a summary of the microbes identified in the different compartments of the
Alnus species. With the economic and environmental importance of Alder coupled with its
pathogenic threat, research regarding the root and rhizospheric microbiomes may poten-
tially grow in the future.

Very little is known about the leaf, bark, and catkin microbiomes of Alder trees. A
greater focus has been placed on analysing the chemical and biological components, as well
as the secondary metabolites present in the bark, leaf, and fruit due to the medicinal value
of these components [39–41]. Sukhikh et al. (2022) examined the antioxidant properties
of A. glutinosa female catkins and found high levels of methanol extracts, ellagic acid, and
ethyl acetate indicating their potential use as natural antioxidants [75]. Thiem et al. (2020)
analysed the correlation between salt stress and mycorrhizal fungi from A. glutinosa grow-
ing in saline soil. Three fungal species were isolated from A. glutinosa catkins, which were
Amanita muscaria, Paxillus involutus, and Gymnopus. Seedlings were later inoculated with
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each fungus to determine their effects against salt stress. It was observed that P. involutus
aided in promoting the growth of seedlings and showed a degree of salt tolerance [59].
There have been studies on the metabolites and medicinal extracts of Alder bark, but no
studies were found for the analysis of Alder tree bark microbiomes. Alder leaves have been
studied regarding their medicinal potential. For example, Mushkina (2021) investigated
the ability of A. glutinosa leaf tinctures to be used as wound-healing gels. It was determined
that this gel had the ability to regenerate and heal wounds due to the presence of flavonoids,
tannins, and phenolic acid [76]. Leaf extracts have been used to analyse their antagonis-
tic effects against pathogens such as Staphylococcus aureus, Bacillus subtilis, Escherichia coli,
Pseudomonas aeruginosa, and Candida albicans [77]. Concerning the microbial community
within Alder leaves, there are few studies regarding this topic. Kayini and Pandey (2010) iso-
lated fungal microbes from Nepalese Alder leaves including Alternaria alternata, A. raphani,
Aspergillus niger, Cladosporium cladosporioides, Epicoccum purpurascens, Fusarium oxysporum,
Gliocladium roseum, Mucor hiemalis, and Pestalotiopsis sp. [78]. A greater focus is needed
regarding the microbial communities present within Alder leaves, bark, and catkins.
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3. Microbial Pathogens of Alder Species

There are several pests and microbial pathogens associated with Alder. For example,
Alder yellows phytoplasma disease (caused by a phytoplasma bacterial parasite) has been
identified within numerous European countries, which causes stunted growth, yellowing
of leaves, reduction of leave size and amount, as well as dieback and/or death [79–82]. The
Ascomycota fungus, Taphrina alni, is a causal agent of Alder tongue galls on female catkins
and has been identified throughout Europe. These galls are known as Alder tongues,
as they are green-red elongated structures (depending on the season) [83]. The fungus
Septoria alnifolia has been known to form leaf spots, stem cankers, and stem breakage on
Alder trees [84]. Furthermore, a rust fungus, Melampsoridium hiratsukanum, causing yellow–
brown spotting on Alder leaves, followed by early leaf fall, crown thinning, and/or death,
has been identified [85]. The fungal pathogen Mycopappus alni tends to cause brown blotches
on leaves and defoliation of Alder trees [86]. The bacterium Erwinia alni, has been found
to cause bark cankers and bleeding and eventually kill off branches and/or the tree as a
whole if the infection is severe [87]. The bacterium Pseudomonas syringae has been reported
to cause leaf necrosis and the dieback of Common Alder [88]. With regards to insects,
for example, the Alder leaf beetle, Agelastica alni, has been identified in Europe causing
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damage and defoliation of Common Alder [89]. Several species of Alder sawflies have been
identified feeding on Common Alder such as Monsoma pulveratum [90], Eriocampa ovata [91],
Hernichroa crocea, and Cimbex conatus [92]. A leaf miner, Fenusa dohrnii, was identified as
a pest of Alder that causes damage [93]. There is an extensive list of pests and pathogens
associated with Alder; however, not all tend to have damaging effects on this genus. For
example, Sims (2014) discusses different types of fungal pathogens and insects that have
been identified as associated with red, white, and thin-leaf Alder in western Oregon [94].
McVean (1953) extensively lists the insects and mites that associate with Common Alder
as a food source [9], however not all of them are of economic importance and do not
pose a severe threat to Alder trees. One of the major pathogens of Alder trees is the plant
pathogenic oomycete species Phytophthora.

The species Phytophthora, meaning ‘plant destroyer’, has been associated with the
dieback and decline of Alder across Europe [95]. There are approximately 200 identified
and accepted species of Phytophthora, with more species unnamed/unidentified and likely
to be discovered [96]. The pathogen typically infects the tree roots, causing them to rot, and
spreads throughout the tree to cause damaging effects such as crown rot [97]. Infection
can be caused via Phytophthora chlamydospores, hyphae, oospores, sporangium, and more
frequently zoospores. Flagellated Phytophthora zoospores have a similar morphology to
filamentous fungi but mainly have diploid hyphae and a cell wall comprising cellulose
and/or β-glucans [97]. Phytophthora show phylogenetic similarities to algae and diatoms
due to the structural composition of zoospores as well as the release of similar sexual
antheridia (male) and oogonia (female) [96,98]. Phytophthora are soil-borne water moulds
that have a strong dependency on water and humidity; therefore, the zoospores typically
disperse and spread throughout water systems, eventually infecting tree roots [96,99]. In
terms of the pathogen’s life cycle, sporangia tend to form when chlamydospores (asexually)
and/or oospores (sexually) are germinated within wet environments which results in
zoospores being released from the mature sporangium [97,100]. Oospores are formed
when oogonia are fertilised by antheridia of the Phytophthora species. Zoospores swim
through water within wet soils where they have the ability to form cysts on susceptible
tree roots and bark near the root collar [100]. These cysts germinate, forming mycelia,
which allows the pathogen to grow and spread biotrophically throughout the plant tissues
where reproduction occurs and the life cycle begins again by producing chlamydospores,
oospores, and sporangium via germination within plant tissues, spreading from the roots
and further throughout the tree (Figure 2) [97,100]. Infection via tree roots results in damage
which causes a reduction in water and nutrient uptake, impairing their availability for
the rest of the tree compartments. The lack of minerals causes harmful effects such as leaf
stomata closure and a reduction in photosynthesis [101].
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Nave et al. (2021) inoculated Alder roots with Phytophthora alni, and after three weeks,
oogonia, oospore, sporangium, antheridium, and mycelium were found at different stages
of the reproductive cycle throughout the plant tissues [103]. P. alni hyphae has the ability to
grow from Alder roots into the bark via secondary growth, travelling throughout the tree
and infecting the cambium layer and adjacent phloem and xylem by continuously repro-
ducing [101]. P. alni infects Alder bark via lenticels and/or bark wounds and spreads via
secondary growth throughout the plant tissues by medullary rays into the bark xylem [101].
When the pathogen spreads to the bark, damaging effects include the deterioration of
phloem tissue and a reduction in mineral transportation. It is unknown whether P. alni
directly infects Alder leaves and catkins; however, infection of the roots and bark has
damaging effects on all compartments of the tree.

Since the 1990s, P. alni has been a major issue within many countries and has continued
to spread worldwide today, causing a range of damage to the Alnus species, which is
believed to have emerged due to hybridisation within Europe [104–107]. The parent
species of P. alni are P. uniformis (diploid) and P. multiformis (haploid), with the ploidy level
showing that P. alni contains half of each parental genome; therefore P. alni is a triploid
homoploid-type taxon [107]. According to Gibbs (2005), this pathogen was first detected in
Southern England and has continued to spread throughout Europe [108,109] (Figure 3). It
is hypothesised that the European spread of P. alni is due to clonal dispersion, since several
mitochondrial haplotype variations have been observed, which may imply that multiple
sexual hybridisation incidents generated a hybrid from several clones [107]. P. alni ssp.
lat. was formally named by Brasier et al. (2004) and is now divided into three subspecies:
P. alni ssp. alni, P. alni ssp. uniformis, and P. alni ssp. multiformis, considering different
variants and hybrids amongst the species, with P. alni ssp. alni being the most aggressive
one [110–112]. The P. alni species complex was later renamed by Husson et al. (2015) to
P. × alni, P. × multiformis, and P. uniformis [112]. Only P. alni ssp. uniformis has been identified
in North America to date [94,109]. The pathogen has also been identified in Ireland [110].
Symptoms of the P. alni complex species include dieback of branches, crown thinning,
bleeding bark, dark spotting on stems, stunted leaf growth, premature leaf abscission, leaf
yellowing, root rot, necrotic lesions on Alder bark, an excessive number of catkins on the
species due to stress, and/or death [4,11]. Alder trees situated around riverbanks and flood
plains have greater exposure to infection as the soil-borne pathogen spreads through water,
infecting Alder bark and the roots, thus spreading the disease to a greater extent [3,4]. The
pathogen spreads via streams, irrigation, flooding events, canals, drainage water, and other
pathways via water systems [113]. Alternative pathways may include the plantation of
Alder that originated from an affected nursery, human recreational activities, as well as
animal activity [23].

Jung et al. (2018) conducted a thorough review of forestry diseases causing decline
and suggested that other Phytophthora species such as P. acerina, P. cactorum, P. chlamydospora,
P. gonapodyides, P. lacustris, P. plurivora, P. polonica, P. pseudocryptogea, and P. siskiyouensis
may also be responsible for diseases associated with Alder dieback, although P. alni com-
plex species appears to be the main cause of Alder decline [28,94,114–116]. For example,
O’Hanlon et al. (2020) first reported the presence of P. lacustris causing disease within
Alder trees in Ireland, indicating that Alder is at risk of dieback due to other Phytophthora
species [28]. In Ukraine, Matsiakh et al. (2020) analysed rhizosphere soils of declining
Alder where P. lacustris, P. plurivora, and P. polonica were detected, which further indicates
that these pathogens play a role in Alder dieback [117]. Tkaczyk et al. (2023) identified
P. plurivora and P. cactorum within soil, root, and water samples associated with declining
Alder in Slovakia [118]. Bregant et al. (2020) reported the species P. plurivora, which was
isolated from declining Alder trees within areas of Turkey, Italy, Spain, and Poland [111].
Furthermore, Bregant et al. (2020) revealed that P. chlamydospora, P. gonapodyides, and
P. siskiyouensis potentially caused disease within Alder trees in North America. Zamora-
Ballesteros et al. (2016) found that P. plurivora caused a high mortality rate within inoculated
Alder seedlings, indicating that this species is pathogenic to Alder seedlings [119]. Haque
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and Diez (2015) conducted in vitro pathogenicity tests of Alder leaves, branches, and twigs
with P. × alni, P. × multiformis, and P. uniformis, and it was observed that the pathogen
caused foliar necrosis, indicating that the roots and root collar may not be the only source
of pathogen inoculum [120].
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4. The Potential of Microbial Biocontrol Agents in the Fight against Alder Diseases

Biocontrol agents tend to be any beneficial organism, including PGPR and PGPF, which
have the ability to provide biological control against harmful pathogenic disease, as well as
assisting in acquiring nutrients and amplifying resistive traits within a plant species [33].
Furthermore, the use of PGPR/F can act as a biocontrol agent by enhancing the health of
a tree species, thus, a stronger tree can fight/withstand pathogenic infections. Moreover,
A. glutinosa has many antioxidant, anti-inflammatory, antitumour, and inhibition properties
due to the presence of anthraquinones, betulinic acid, diarylheptanoids, flavonoids, phenols,
terpenes, tannins, steroids, and saponins; thus, these substances have the potential as BCAs
within forestry [17,18,122]. Emerging diseases within forestry are a cause for concern,
therefore, the advancement of BCAs within this sector is desirable. BCAs and bio-fertilisers
have been used in agriculture for many years for sustainable crop production to minimise
the use of harmful pesticides and fertilisers and reduce pathogenic infections, as well as
to promote the health and growth of crops [123,124]. This approach is used intermittently
within forestry with a few successful applications. Through research, several potential
BCAs have been identified within forest ecosystems to reduce pathogenic spread and
associated symptoms including dieback and root rot. Utkhede et al. (1997) analysed the
antagonistic effects of the bacterium Enterobacter aerogenes against the pathogen P. lateralis,
which tends to affect tree roots within soil and water, causing root rot disease of Lawson
cypress trees [125]. D’Souza et al. (2005) investigated several potential BCAs including
Acacia extensa, A. stenoptera, A. alata, and A. pulchella against the root rot disease caused
by P. cinnamomi, to observe that these genera have the potential to provide protection to
susceptible species [126]. With the Alnus species being under threat from the harmful effects

57



Microorganisms 2023, 11, 2187

of Phytophthora, such studies could potentially aid in determining the association between
P. alni and the Alnus species and thus determining potential BCAs to prevent infections.

Several bacterial strains could potentially provide BCAs against emerging tree
pathogens [127]. For example, for the pathogen Hymenoscyphus fraxineus, a study performed
on the microbial community associated with ash tree leaves (Fraxinus excelsior) discovered
elevated amounts of isolates within the genera Luteimonas, Aureimonas, Pseudomonas,
Bacillus, and Paenibacillus present within tolerant trees, which potentially inhibit the inva-
sion and spread of ash dieback disease (H. fraxineus) by direct competition or inducing
systemic resistance, as well as the potential production of antagonistic metabolites and/or
antifungal compounds [128,129]. Similarly, Becker et al. (2022) explored the microbiome of
tolerant ash trees, and it was determined that the bacterium Aureimonas altamirensis had
the ability to reduce H. fraxineus infections by niche exclusion and inducing mechanisms
such as exopolysaccharides production and protein secretion [130]. The plant growth-
promoting members of the genus Streptomyces have proven to be a prime choice as BCAs
since these are readily available in nature and have the capacity to control pathogenic
infections [9,131–133]. Liu et al. (2009) discovered that the BCA metabolite daidzein was pro-
duced by the bacterial genus Streptomyces and isolated it from a root of A. nepalensis along-
side the Streptomyces bacterium, which may have potential antioxidant, anti-inflammatory,
and anticancer effects [134,135]. The genus Streptomyces can produce the enzyme chiti-
nase, which has been shown to have antagonistic effects against fungi due to the ability to
degrade chitin present in the cell walls of fungi as well as reduce spore germination [136].

Biocontrol modes of action can be direct (interaction between pathogens and BCAs)
or indirect (interaction between BCAs and plants to enhance their health and resistance
to (a)biotic stressors) [137]. Direct biocontrol factors include antimicrobial metabolites,
hydrolytic enzymes, quorum sensing, quenching, and resource competition, as well as
siderophores. Indirect biocontrol factors include organisms triggering enhanced immunity
for plants, environmental adaption, and hormone modulation. Microorganisms have the
ability to produce microbe-associated molecular patterns (MAMPs) or damage-associated
molecular patterns (DAMPs) like flagellin, glucan, xylan, or chitin [56]. These patterns
are recognised by pattern-recognition receptors (PRRs) or other elicitors such as volatile
organic compounds (VOCs) or siderophores, which are detected by specific receptors.
Activation of these receptors initiates various signalling mechanisms that serve as precur-
sors for the production of phytohormones, triggering defensive pathways. The kinase
pathway can phosphorylate transcription factors that regulate the expression of early and
late response genes [56]. There are many genes that have an association with biocontrol
agents and defence-related genes [138]. Each BCA has thousands of genes present within
its genome (depending on its genome size); therefore, genes with biocontrol traits can
differ from one species to another. Nelkner et al. (2019) used transcription and genome
mining in order to identify genes that are related to biocontrol traits and biosynthetic genes
within a Pseudomonas strain [139]. In this study, biocontrol activity included the produc-
tion of siderophores, secondary metabolites, and antibiotics (2,4-Diacetylphloroglucinol
(DAPG), hydrogen cyanide (HCN) synthesis, pathogen inhibition genes (iron acquisition,
exoprotease activity, and chitinase activity), resistance genes (PRRs), exopolysaccharides
genes, lipopolysaccharides genes, metabolism genes, detoxification genes, and genes re-
lated to ISR and growth-promoting compounds (VOCs, acetoin, 2,3-butanediol, growth
regulators/plant hormones, and phosphate solubilisation) [139]. Genes also involved
in plant defence include the phenylpropanoid pathway gene-expressing phenylalanine
ammonia-lyase (PAL), which facilitates the deamination process when phenylalanine is
converted into cinnamate and ammonia, as well as the lipoxygenase pathway gene encod-
ing hydroxyperoxide lyase (HPL) [56]. Mitogen-activated protein kinase (MAPK)- and
cyclic adenosine monophosphate (cAMP)-associated molecules represent widespread intra-
cellular signalling pathways that integrate extracellular stimuli, alter the expression and
functionality of receptors, and regulate processes such as cell survival and neuroplastic-
ity [140]. TGA transcription factors are vital regulators of diverse cellular processes which
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link to hormonal pathways, interacting proteins, and regulatory elements [141]. In addition,
the phytohormones brassinosteroids (BRs) and jasmonates (JAs) also aid in the regulation
of plant growth, development, and defensive response [142].

Chitinase has been used in agriculture during crop cultivation for disease manage-
ment, improved growth, and greater yields [143]. Kumar et al. (2018) highlighted various
ways in which chitinase gene expression has been used in agriculture to combat fungal
diseases [143]. Auxins such as IAA and phenylacetic acid (PAA) are well-known bio-agents
within agriculture due to their plant growth-promoting abilities and provide potential
control against Fusarium pathogens, which have been found within soils, causing root
rot [144,145]. IAA has been abundantly produced from PGPR isolates associated with
forest trees; therefore they may have the potential for BCAs within this sector since they
are proven to be advantageous in agriculture [38]. Trinh et al. (2022) discovered that the
rhizobacteria Bacillus subtilis, isolated from the rhizosphere roots of black pepper, has po-
tential as a bio-agent for Fusarium antagonism [144]. Fungal endophytes could potentially
provide BCAs against emerging tree pathogens [146]. For example, Kosawang et al. (2017)
performed in vitro antagonistic assays of Sclerostagonospora sp., Setomelanomma holmii,
Epicoccum nigrum, Boeremia exigua, and Fusarium sp. against the dieback-causing fun-
gus, H. fraxineus, and it was observed that these endophytes are potential BCAs [147].
Halecker et al. (2020) analysed the antagonistic effects of the fungal endophyte
Hypoxylon rubiginosum on H. fraxineus, and it was determined that this endophyte has po-
tential as a BCA due to the production of metabolites that are toxic to the pathogen [128,148].
This investigative approach is beneficial to determine potential pathogen-fighting microbes
present within tolerant tree species that can aid in the protection of trees that are susceptible
to certain diseases. See Table 1 for a summary of BCAs.

The most commonly used biocontrol agents belong to the genera Pseudomonas, Bacillus,
and Trichoderma [29]. For example, Pseudomonas (P. pudida 06909) was used as a biocontrol
agent against Phytophthora root rot within citrus orchids [149], P. chlororaphis has antagonis-
tic effects against the cacao rot pathogen Ph. Palmivora [150], and Bacillus amyloliquefaciens
isolated from ginseng rhizosphere induced systemic resistance to Ph. cactorum [151]. In addi-
tion, Trichoderma virens, Trichoderma harzianum, Trichoderma asperellum, and Trichoderma spirale
isolated from cocoa show antagonistic effects against Ph. Palmivora [152], and Tricho-
derma saturnisporum also showed antagonistic effects against the Phytophthora spp. [29,153].
Abbas et al. (2022) conducted an extensive review regarding the identification of multi-
ple biocontrol encoding genes within the Trichoderma spp. against R. solani including
secondary metabolite genes, siderophores genes, signalling molecular genes, cell wall
degradation enzymatic genes, and plant growth regulatory genes [154]. Furthermore,
G-protein coupled receptor (GPCR) genes, adenylate cyclase genes, protein kinase-A genes,
and transcription factor proteins are important genes found in Trichoderma for biocon-
trol against R. solani [154]. Moreover, Trichoderma has the ability to generate chitinase,
which can minimise the survival of R. solani through the activation of the expression of
chitinase genes [155]. Hernando José et al. (2021) discuss several isolated endophytic
bacteria, fungi, and metabolites that have shown antagonistic and biocontrol activities
as well as induced mechanisms against Phytophthora pathogens [156]. Some bacterial ex-
amples include Pseudomonas fluorescence isolated from the flowering vine saw greenbrier,
which showed antagonistic effects against P. parasitica, P. cinnamomi and P. palmivora, as
well as Burkholderia spp. isolated from the herb huperzine showing the ability to inhibit the
growth of P. capsici. The isolate Acinebacter calcoaceticus from soybeans showed antagonistic
effects against P. sojae. An isolate from a tomato plant (Bacillus cereus) helped to reduce the
infection severity of P. capsici associated with cacao trees. Several strains of bacteria isolated
from cucurbits including Bacillus, Cronobacer, Enterobacteriaceae, Lactococcus, Pantoea, and
Pediococus showed antagonistic activity against P. capsici using various biocontrol mecha-
nisms. Some fungal examples include species of Trichoderma, Pestalotiopsis, and Fusarium
which were isolated from cacao trees and illustrated antagonism against P. palmivora. The
fungus Muscodor crispans was isolated from a pineapple plant and showed inhibition prop-

59



Microorganisms 2023, 11, 2187

erties against P. cinnamomi and P. palmivora. Hernando José et al. (2021) discuss numerous
other bacterial and fungal strains that showed biocontrol activities and mechanisms against
P. capsici, P. infestans, P. citricola, P. cactorum, and P. pini [156]. It is evident that there are
various studies associated with the biocontrol of several Phytophthora species, but there are
minimal studies regarding P. alni.

4.1. Improving Plant Resistance via Microbe Inoculation and Genetic Resistant Breeding

In recent studies, a greater focus has been placed on ways to detect and diagnose
tree diseases, understand the interactions between trees and pathogens, develop disease-
resistant trees, and ultimately optimise soil and tree microbiomes to improve plant health
and behaviour [157–159]. The microbial communities associated with forest trees provide
vital information relative to species health since numerous beneficial microbes have the
ability to increase growth, development, productivity, and ecosystem function, as well as
improve soil structure, and provide some resistance to pests and pathogenic diseases [30,33].
Alder trees may be inoculated with beneficial microbes in order to improve disease toler-
ance and environmental stressors, as well as enhance growth and quality. For example,
Chandelier et al. (2015) discuss several inoculation methods in order to screen A. glutinosa
resistance to P. alni [160]. These included wound inoculation, stem inoculation, seed and
seedling inoculation, inoculation by flooding of root cuttings, and zoospore suspension
inoculation. It was determined that the combination of zoospore suspension with flooding
root systems was the most reliable since unwounded trees better mimicked natural environ-
mental conditions [70]. Zaspel et al. (2014) investigated a way to increase the resistance of
Common Alder against P. alni using in vitro and in planta analysis with a cyclolipopeptide
(CLP)-producing Pseudomonas veronii metabolite (PAZ1) [70]. It was observed that inocula-
tion with PAZ1 showed some inhibition effects as well as growth-promoting effects on the
Alder species.

In order to aid the protection and integrity of forestry, natural genetic resistance
breeding programmes of several species against biotic stressors have been studied [161].
Examples of resistance programmes include white pine and white pine blister rust resis-
tance, Port Orford cedar and P. lateralis, Sitka spruce and white pine weevil resistance,
Loblolly pine and fusiform rust resistance, Pinus radiata and Dothistroma pini resistance, Koa
and koa wilt resistance, American beech and beech bark disease resistance, and Dutch elm
disease [161–163]. Wei and Jousset (2017) suggest an alternative foundation to reach eco-
nomically novel phenotypes by altering genetic information coupled with plant-associated
microbiota [33,164]. Since pathogenic organisms have caused significant economic losses
within forestry, greater research and screening techniques are required in order to expand
bio-control procedures against forestry pathogens. Marco et al. (2022) extensively review
microbe-assisted breeding programmes to date, particularly those associated with crops,
and how this has improved the agricultural sector [165]. The Institute of Forest Genetics in
Waldsieversdorf, Germany, was working on a selective breeding programme to improve
the resistance of A. glutinosa to P. alni; however, this project appears to be complete since
2018 [166]. A greater focus on the development of natural genetic resistance breeding pro-
grammes specifically focused on the Alnus genus coupled with identifying species-specific
biocontrol agents to minimise the infection of the pathogen P. alni will greatly aid in the
protection of the Alnus species.
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4.2. Microbiome Engineering and Its Potential Phytophtoria Control

The practice of microbiome engineering has been applied recently to enhance human
well-being, agricultural efficiency and combat challenges of bioremediation and contamina-
tion within the environment [169,170]. This involves various methods for the modification
of host-associated microbiota to improve its health, resilience, and disease tolerance, as well
as to benefit surrounding ecosystems [170]. These methods include enrichment, artificial
selection, direct evolution, population control, pairwise interactions, microbiome transfer,
synthetic microbes, and engineered interactions which are used to manipulate a micro-
biome to obtain desired characteristics [169,170]. In agriculture, a method used to manage
plant diseases involves root microbiome transfer by combining fertile disease-suppressive
soils with less fertile disease-conductive soils [171]. For example, Mendes et al. (2011)
showed that by mixing these soil types, sugar beet soil was suppressive to the pathogen
R. solani due to the presence of several species of Proteobacteria, Firmicutes, and Acti-
nobacteria, which play a role in disease suppression. Santhanam et al. (2015) showed
that synthetic root-associated microbiota transplants using a mixture of native bacterial
isolates (species from Arthrobacter, Bacillus, and Pseudomonas) were effective at reducing
the wilt disease of tobacco Nicotiana attenuate and that they increased crop resilience [172].
Mukherjee et al. (2022) used a bio-inoculant containing two bacterial strains isolated from
chickpeas, Enterobacter hormaechei and Brevundimonas naejangsanensis, to enhance the pro-
ductivity of inoculated chickpeas seeds, and it was observed that the consortium increased
plant-growth attributes, yields, nutritional content, levels of IAA, siderophore, ammonia,
phosphate solubilisation, and potassium solubilisation, as well as antagonistic activity
against Fusarium sp. due to successful manipulation of the plant microbiome [173]. Wicak-
sono et al. (2017) inoculated wounds of kiwi fruit plants with Pseudomonas strains isolated
from the medicinal plant Mānuka, and it was determined that the bacterial strains aided
the pathogenic resistance of P. syringae, indicating that microbe transfer can be successful
in reducing disease severity [174]. There is a great potential for the use of microbiome
engineering in forestry as it offers an innovative solution to address various challenges
in sustainable forest management. The manipulation of tree-associated microbiota can
potentially enhance tree growth and pathogenic resistance as well as optimise nutrient
cycles and improve tree tolerance to environmental stressors.

5. Conclusions and Future Perspectives

The Common Alder plays a significant ecological role and has many commercial
uses; however, the native species is under threat of decline due to the known causal agent
Phytophthora alni. Other Phytophthora species may also contribute to Alder decline, as
well as other pests and pathogens to a lesser extent. Understanding the beneficial and
pathogenic microbiota associated with Alder is crucial for developing biological solutions
to control these threats. Forest trees have many relationships with a wide variety of mi-
crobial organisms, which are essential for tree health, nutrient conditions, and ecosystem
functionality. Beneficial microbiota, such as PGPR/F, are present in the tree’s endosphere,
phyllosphere, and rhizosphere, providing benefits such as nutrient fixation, hormone pro-
duction, pathogen suppression, and improved plant growth. Research associated with the
microbiota of Alnus species is limited and mainly focuses on the root and rhizosphere soil.
Bacterial phyla such as Actinobacteria, Acidobacteria, Proteobacteria, Bacteroidetes, and
Firmicutes, as well as fungal phyla including Ascomycota, Basidiomycota, Ectomycorrhizal
fungi, Glomeromycota, and Zygomycota, have been identified in association with the roots
and rhizosphere of Alder trees.

Although, there is limited information available on the microbial communities in other
parts of Alder trees, such as the leaves, bark, and catkins. Further research is needed to
explore the microbial communities within different compartments of Alder trees and their
potential interactions. Understanding the core microbiome of Alder and its functional
roles will help improve our knowledge of Alder tree health, growth, and tolerance to
(a)biotic stressors. Additionally, exploring the use of plant growth-promoting microbes
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in the forestry sector may result in beneficial applications for sustainable tree production
and protection against pathogens. A greater global focus is needed regarding the breeding
of microbe-optimised Alder trees that have a degree of resistance to infection caused by
P. alni. Biocontrol agents have the ability to induce mechanisms to suppress pathogenic
infections by direct attack on the pathogen, competition for resources, and indirectly due to
a systemic stress response resulting in improved defence and resistance. The identification
of species-specific biocontrol agents will aid in the protection of Alder trees from this
disease threat. Also, the application of PGPR and PGPF to Alder affected by this disease
could potentially pave the way to control its spread. The identification of biocontrol
agents which can persist in sufficiently large populations within the microbial communities
associated with Alder, and are capable of effectively expressing their biocontrol genes, is a
very promising approach to minimise the severity and spread of devastating diseases of
Alder and other important tree species. Another current knowledge gap that exists within
this sector includes a detailed understanding of the systemic Alder microbiome and its
seasonal and geographical dynamics. It is important to understand the different varieties
and species of Alder as well as the type of microbes present in tolerant versus susceptible
genotypes that can be exploited to improve the health of future Alder stands. Furthermore,
having the ability to identify effective Phytophthora BCAs that can systematically colonise
the tree and persist for long periods of time will aid the long-term survival of Alder to
(a)biotic stressors. However, greater knowledge is required to identify effective methods
of BCA inoculation of new and existing Alder stands, as well as what positive/negative
effects these BCAs have on non-target microbial species within Alder stands.
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62. Hrynkiewicz, K.; Szymańska, S.; Piernik, A.; Thiem, D. Ectomycorrhizal Community Structure of Salix and Betula spp. at a Saline

Site in Central Poland in Relation to the Seasons and Soil Parameters. Water Air Soil Pollut. 2015, 226, 99. [PubMed]
63. Sousa, N.R.; Franco, A.R.; Ramos, M.A.; Oliveria, R.S.; Castro, P.M.L. The response of Betula pubescens to inoculation with an

ectomycorrhizal fungus and a plant growth promoting bacterium is substrate-dependent. Ecol. Eng. 2015, 81, 439–443.
64. Badalamenti, E.; Catania, V.; Sofia, S.; Sardina, M.T.; Sala, G.; La Mantia, T.; Quatrini, P. The Root Mycobiota of Betula aetnensis

Raf., an Endemic Tree Species Colonizing the Lavas of Mt. Etna (Italy). Forests 2021, 12, 1624.
65. Orfanoudakis, M.; Wheeler, C.T.; Hooker, J.E. Both the arbuscular mycorrhizal fungus Gigaspora rosea and Frankia increase root

system branching and reduce root hair frequency in Alnus glutinosa. Mycorrhiza 2010, 20, 117–126.
66. Karunarathna, S.C.; Ashwath, N.; Jeewon, R. Editorial: The Potential of Fungi for Enhancing Crops and Forestry Systems. Front.

Microbiol. 2021, 12, 813051. [PubMed]

65



Microorganisms 2023, 11, 2187

67. Argumedo-Delira, R.; Gómez-Martínez, M.J.; Mora-Delgado, J. Plant Growth Promoting Filamentous Fungi and Their Application
in the Fertilization of Pastures for Animal Consumption. Agronomy 2022, 12, 3033.

68. Aguiar-Pulido, V.; Huang, W.; Suarez-Ulloa, V.; Cickovski, T.; Mathee, K.; Narasimhan, G. Metagenomics, Metatranscriptomics,
and Metabolomics Approaches for Microbiome Analysis. Evol. Bioinform Online 2016, 12 (Suppl. S1), 5–16.

69. Pujic, P.; Alloisio, N.; Miotello, G.; Armengaud, J.; Abrouk, D.; Fournier, P.; Normand, P. The Proteogenome of Symbiotic Frankia
alni in Alnus glutinosa Nodules. Microorganisms 2022, 10, 651.

70. Gomes Marques, I.; Faria, C.; Conceição, S.I.R.; Jansson, R.; Corcobando, T.; Milanovic, S.; Laurent, Y.; Bernez, I.; Dufour, S.;
Mandák, B.; et al. Germination and seed traits in common alder (Alnus spp.): The potential contribution of rear-edge populations
to ecological restoration success. Restor. Ecol. 2022, 30, e13517.

71. Zaspel, I.; Naujoks, G.; Krüger, L.; Pham, L.H. Promotion of resistance of black alder clones (Alnus glutinosa (L.) Gaertn.) against
Phytophthora alni ssp. alni by cyclolipopeptide producing bacteria. Silvae Genet. 2014, 63, 222–229.

72. Vacek, Z.; Vacek, S.; Cukor, J.; Bulušek, D.; Slávik, M.; Lukáčik, I.; Štefančík, I.; Sitková, Z.; Eşen, D.; Ripullone, F.; et al.
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Abstract: The Kosakonia cowanii Cp1 strain was isolated from seeds of Capsicum pubescens R. & P.
cultivated in Michoacan, Mexico. Genetic and ecological role analyses were conducted for better
characterization. The results show that genome has a length of 4.7 Mbp with 56.22% G + C and an IncF
plasmid of 128 Kbp with 52.51% G + C. Furthermore, pathogenicity test revealed nonpathogenic traits
confirmed by the absence of specific virulence-related genes. Interestingly, when fungal inhibitory
essays were carried out, the bacterial synthesis of volatile organic compounds (VOCs) with antifungal
activity showed that Sclerotinia sp. and Rhizoctonia solani were inhibited by 87.45% and 77.24%,
respectively. Meanwhile, Sclerotium rolfsii, Alternaria alternata, and Colletotrichum gloeosporioides
demonstrated a mean radial growth inhibition of 52.79%, 40.82%, and 55.40%, respectively. The
lowest inhibition was by Fusarium oxysporum, with 10.64%. The VOCs’ characterization by headspace
solid–phase microextraction combined with gas chromatography–mass spectrometry (HS-SPME-
GC–MS) revealed 65 potential compounds. Some of the compounds identified with high relative
abundance were ketones (22.47%), represented by 2-butanone, 3-hydroxy (13.52%), and alcohols
(23.5%), represented by ethanol (5.56%) and 1-butanol-3-methyl (4.83%). Our findings revealed,
for the first time, that K. cowanii Cp1 associated with C. pubescens seeds possesses potential traits
indicating that it could serve as an effective biocontrol.

Keywords: Enterobacteriaceae; 2-butanone; 3-hydroxy; Capsicum pubescens seeds; fungal inhibition;
biocontrol; genome sequencing

1. Introduction

Pepper (Capsicum spp.) has an exciting history of domestication and has seen more
than 6000 years of use in diverse foodstuffs in Mexico, such as in fresh, dried, or processed
products. It is believed that this crop originated in South America [1–3]. Therefore, Mexico
and Central America are considered genetic diversity hotspots that have generated impor-
tant domesticated varieties of pepper. These peppers have relevance in the agriculture and
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food industry, specifically those industries that are linked to the use of pigments, shape,
size, appearance, flavor, pungency, and nutritive components [4,5]. In addition, historical
records indicate that Capsicum was introduced to Spain by Christopher Columbus after
discovering America in 1493, and then to the rest of Europe and—eventually—to India,
Asia, and Africa [6]. Geographical displacement and domestication processes such as artifi-
cial and natural selection in agricultural environments have led to the existence of a great
number of species in the Capsicum genus. However, there are five important cultivated
species of economical relevance that are considered here: C. annuum L., C. frutescens L., C.
chinense Jacq., C. baccatum L., and C. pubescens R. & P. [1–6].

Therefore, all agronomic management approaches for pepper cultivation during his-
torical domestication are important to consider in terms of obtaining fruits and seeds
with high quality for diverse purposes [3]. From these significant traits, genetic lines with
resistances to diverse pathogens, such as viruses, bacteria, and fungi, are of ecological
and economical relevance during plant and seed development stages [7–10]. In addition
to modern breeding programs, recently, diverse methodologies, such as metagenomics,
transcriptomics, proteomics, or metabolomics approaches, have been relevant to under-
standing microorganism–plant interactions or plant development during the lifecycle of
Capsicum [11–15].

Throughout the last decade, the study of microbiomes on the seeds from diverse plant
species, including Capsicum, has increased due to its ecological importance [16–18]. These
studies highlight the metabolic activities of microorganism endophytes or epiphytes on
seed germination, seedling establishment, plant growth, and plant development stages
and as a biocontrol [16–18]. Moreover, it is of special interest that the variations in the
diversity of seed-associated microorganisms (SAMs) could be determined by their plant
genotype as well as by environmental and soil management practices [16]. Therefore, the
characterization of the SAMs on Capsicum with beneficial or detrimental traits is necessary
during agricultural practices for an assessment of seed quality and plant development.

Although the origin or transmission route of SAMs is under study, it is interesting
to understand the recruitment of diverse communities of microorganisms during plant
seed development and to evaluate their metabolic potential through molecule production
and characterization, which may indicate ecological significance and agricultural applica-
tions [16]. Thus, for instance (and of particular interest for our research work), the diverse
members of the family Enterobacteriaceae were isolated from seeds of a xerophytic plant,
Lactuca serriola. Among them is Kosakonia cowanii, which possesses the ability to produce a
high concentration of exopolysaccharides with effects on plant drought tolerance [19]. In
addition, K. cowanii has been isolated from diverse crops with plant-promoting activities
through auxin (IAA) and siderophore production [20,21]. Also, the great metabolic ability
of the Kosakonia genus has been characterized by the diverse strains isolated from insects,
plants, human, or other sources [22–30]. Recently, our research group reported the presence
of K. cowanii in chili powder via 16s rRNA library sequencing [31], and the isolation of a K.
cowanii Ch1 strain with the ability to produce active VOCs against certain fungal pathogens
and colonize the seeds of C. annuum L. [32] was also achieved. These results allow us to
hypothesize that K. cowanii could be associated with fruits or seeds of C. annuum L.

Although systematic research of SAMs in Capsicum is limited, this plant is cultivated
around the world, and its production is close to 34.5 million tons annually. Furthermore,
in Mexico, it is one of the most important economic and agricultural crops, cultivated
on a total of 150 million hectares [33]. Therefore, the high diversity of genetic varieties
of Capsicum plants that are grown in diverse soils and environmental conditions make
it necessary to explore SAMs as a source of beneficial microorganisms. In the present
report, we hypothesize that K. cowanii could be associated with Capsicum seeds. Therefore,
our results show, for the first time, that the presence of K. cowanii, specifically, the strain
associated with Capsicum pubescens seeds, has an important ecological role in terms of
controlling pathogenic fungi. In addition, this opens the possibility of a further exploration
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of the SAMs in the Capsicum that are cultivated under different environmental conditions
in Mexico.

2. Materials and Methods
2.1. Bacterial Strain Isolation

Serrano pepper (Capsicum annuum L.) and manzano pepper (Capsicum pubescens) fruits
without visual damage or infections were obtained from cultivated plants in Querétaro and
Michoacán, México. Then, they were surface disinfected with sodium hypochlorite (10%
v/v) for 10 min; this was followed by disinfection with ethanol (50% v/v) for 10 min. Then,
they were air dried at room temperature in a biosafety cabinet. The seeds were placed on
tryptic soy agar (TSA) medium (Difco Laboratories, Detroit, MI, USA) with 100 µg/mL
of ampicillin and incubated at 37 ◦C for 24 h. Bacterial colonies were isolated in the same
culture medium. For taxonomy identification, the 16s rDNA gene was amplified by PCR,
and amplicon was sequenced at Macrogen Inc. (Seoul, Republic of Korea). The sequences
obtained were analyzed by neighbor-joining method in MEGA X software and compared
with the sequences of K. cowanii obtained from NCBI database [34–37].

2.2. Pathogenicity Test

A pathogenicity test was conducted using five bacterial strains isolated from C.
pubescens seeds (which were identified as K. cowanii), following the methodology in our
previous report [32]. In general, seeds of Capsicum annuum L. var. serrano were disinfected
in sodium hypochlorite (10%, v/v) for 5 min and rinsed with sterile distilled water. Germi-
nation was carried out in seedling trays under greenhouse conditions. After 45 to 50 days
post-germination, seedlings were transplanted into pots. Plants with 13–14 true leaves
were used for pathogenicity test. On the other hand, fruits without damage or infection
were disinfected with sodium hypochlorite (10%, v/v) for 10 min, ethanol (50%, v/v) for
10 min, and, finally, rinsed with sterile distilled water. Bacterial suspension (10 µL) with
approximately 1 × 108 CFU/mL was inoculated on six leaves of each plant in triplicate and
on three pepper fruits; both were damaged with a sterile needle and inoculated at that zone.
Negative controls were inoculated with sterile distilled water. Inoculated plants were kept
in greenhouse conditions while inoculated fruits were placed inside of sealed container at
room temperature. The plants were observed for 5–7 days.

2.3. Genome Sequencing and Assembly

We randomly selected the K. cowanii strain Cp1 based on pathogenicity test and fungal
inhibitory essays to isolate its genomic DNA for sequencing. DNA was extracted with
the ZymoBIOMICSTM DNA Miniprep Kit (Zymo Research, Irvine, CA, USA) according
to the manufacturer’s instructions. We used the Genomic Sequencing Service at Zymo
Research, Irvine, CA, USA, which used the NovaSeq® (Illumina, San Diego, CA, USA)
platform. Sequence reads were processed at the Bacterial and Viral Bioinformatics Re-
source Center (BV-BRC). First, a Fastq was used to filtrate the sequences [38]. Second,
for genome annotation, the RAST tool kit (RASTtk) was used [39]. Lastly, the circular
genome map was modeled in CIRCOS software [40]. The genome statistics were as follows:
coarse consistency (98.7%), fine consistency (98%), CheckM completeness (99.7%), and
CheckM contamination (0.1%). The bacterial phylogenetic tree was constructed by using the
pipelines at BV-BRC, where Mash/MinHash [41], PGFams [38], MUSCLE v5 [37], RaxML
v8.2.11 [37], and fast bootstrapping [38] were included in order to conduct the phylogenetic
analysis. PlasmidSPAdes version v3.13.0, with default settings, was used for the plasmid
assembly [42]. DNA sequences were deposited in NCBI as BioProject ID PRJNA1003013.
The genome accession number is JAUZWC000000000.

2.4. Antibiotic Susceptibility Testing

The antimicrobial phenotype of K. cowanii Cp1 and Escherichia coli XL1 blue as a
control were evaluated using the guidelines of CLSI [43]. In general, bacterial strains
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were inoculated in tryptic soy broth (TSB) medium and growth at 37 ◦C and shaken until
an optical density (OD) between 0.4 and 0.5 at 600 nm was achieved. Then, 100 µL of
bacterial culture was spread on Mueller–Hinton agar (Bioxon). The antimicrobial test
discs (Oxoid) were as follows: penicillin (10 U), ampicillin (10 µg), carbenicillin (100 µg),
dicloxacillin (1 µg), and amoxicillin/clavulanic acid (20/10 µg); cephalosporins were
cephalothin (30 µg) and cefotaxime (30 µg); fluoroquinolones were ciprofloxacin (5 µg)
and norfloxacin (10 µg); aminoglycosides were amikacin (30 µg), gentamicin (10 µg),
and netilmicin (30 µg); macrolides were clindamycin (30 µg) and erythromycin (15 µg);
carbapenems were imipenem (10 µg) and meropenem (10 µg); chloramphenicol (30 µg);
nitrofurantoin (300 µg), tetracycline (30 µg); trimethoprim-sulfamethoxazole (25 µg) and
the glycopeptide vancomycin (30 µg). Culture plates were incubated overnight at 37 ◦C and
the inhibitory or clear zones around the disc were recorded in mm, according to guidelines.

2.5. Inhibitory Effects of VOCs

The following fungal strains were provided by the Laboratory of Plants and Agri-
culture Biotechnology at Queretaro University, México: Alternaria alternata, Colletotrichum
gloeosporioides, Fusarium oxysporum, Rhizoctonia solani, Sclerotium rolfsii, and Sclerotinia sp.
The growing conditions were as follows: potato dextrose agar (PDA) medium (Difco Labo-
ratories, Detroit, MI, USA) kept at 28 ◦C over a 5- to 7-day period, conducted according to
the growth rate of each fungal strain.

The inhibitory assays were evaluated by radial mycelial growth according to the
methodology described previously in [32]. In general, the two-compartment plastic plate
device was sealed with parafilm to avoid VOC loss. On the lower side of the device, which
was used with TSA medium (Difco Laboratories, Detroit, MI, USA), a bacterial suspension
(1 × 108 CFU/mL) was inoculated. On the upper side of the device, which was used with
PDA medium (Difco Laboratories, Detroit, MI, USA), a fungal growth disk was inoculated.
Each control was tested for fungi and growth on PDA medium (Difco Laboratories, Detroit,
MI, USA). Each device was an experimental unit and was incubated at 28 ◦C to obtain the
radial mycelial growth according to the following equation: mycelial growth inhibition
(%) = [(dc−dt)/dc] × 100, where dc and dt represent the mycelial growth diameters (in
mm) of the control and treatment groups, respectively. The experiments were conducted in
triplicate for a statistical analysis of variance and for Duncan’s multiple range test (p = 0.05),
which were performed using DPS V12.01 software. Alternatively, bacterial antagonism
toward S. rolfsii was tested by dual-culture assay on PDA to prove additional mechanism
of inhibition. Bacterial strain (10 µL, 1 × 108 CFU/mL) was inoculated close to and around
fungal disk. The essay was kept at 28 ◦C over a 2- to 3-day period.

2.6. HS-SPME-GC–MS Analysis of VOCs

As the first step in obtaining a bacterial culture with volatile organic compounds
(which have inhibitory effects on Sclerotium rolfsii), a cell-free filtrate was obtained of K.
cowanii Cp1 grown on Tryptic soy broth (TSB) medium, with continuous shaking (100 rpm)
at 37 ◦C, which was sampled every 6 h up to a total of 48 h. TSB medium without K. cowanii
Cp1 strain was used as the control. The cell-free filtrate was obtained via centrifugation at
14,000 rpm for 5 min and after being filtered through a 0.2 µm membrane (Sigma-Aldrich).
Then, 500 µL of the sample was placed on PDA medium (Difco Laboratories, Detroit, MI,
USA), and a 7 mm mycelial disk of Sclerotium rolfsii was inoculated. The radial mycelial
that was grown was evaluated according to the equation mentioned above. Furthermore,
the sample that was obtained after 18 h of bacterial growth displayed the highest inhibitory
effect; thus, it was used for VOC characterization. To recover the VOCs from the bacterial
culture that was grown over 18 h on TSB medium, the sample was processed according to
the methodology, and using the device, that was previously reported in [32].

Among the bacterial volatiles obtained, and based on the commercial availability (J.T.,
Baker, Fermont, Meyer, Sigma-Aldrich, Toluca, Mexico), seven standard compounds were
evaluated individually on the inhibition of radial mycelial growth. Using the previous
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two-compartment plastic plate device, different amounts of individual VOCs were added to
sterile filter papers on one side and on the upper side of the device, and an S. rolfsii growth
disk of 8 mm was inoculated on PDA medium. The amounts VOCs assayed were: 50,
100, and 150 µL/plate of 2-Butanone; 50, 100, and 150 µL/plate of 2-Butanone, 3-hydroxy;
10, 20, and 40 µL/plate of 2-Nonanone; 50, 100, and 150 µL/plate of acetone; 5, 10, and
20 µL/plate of acetic acid (unidentified compound as VOC component in K. cowanii Cp1);
50, 100, and 150 µL/plate of benzyl alcohol; and 50, 100, and 200 µL/plate of ethanol.
Sterile distilled water was used as control. Each device was incubated at 28 ◦C for a 3-day
period to obtain the radial mycelial growth, according to equation previously described.
The experiments were conducted in triplicate.

3. Results
3.1. Isolation of K. cowanii from Capsicum pubescens Seeds

Seeds from C. annuum and C. pubescens were obtained and processed for bacterial
isolation on TSA medium. In a previous work [32], we isolated a K. cowanii strain that
was resistant to β-lactam antibiotics; as such, in this case, we decided to supplement the
TSA medium with 100 µg/mL of ampicillin in order to determine if this could be a similar
case. From diverse seeds that were obtained from the fruits of Capsicum spp., a bacterial
growth was noted on the seeds of manzano peppers (C. pubescens) that were obtained
from Michoacan, Mexico. In 100% of the seeds of one fruit, there was a similar phenotype
to K. cowanii (Figure 1). The bacterial isolates from the seeds were streaked on the same
culture medium so as to obtain isolated colonies. Five bacterial colonies were selected and
identified by using the 16s rDNA gene as a molecular marker. Sequence analysis confirmed
them as K. cowanii. Then, we conducted a pathogenicity test for the K. cowanii strains to
evaluate the phytopathogenic traits, as previously reported [32]. The infection assays on
the fruits and leaves of Capsicum annuum L. showed no infection symptoms (Figure 2).
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Figure 1. Isolation of Kosakonia cowanii Cp1. (A) Capsicum pubescens fruits with no infection symptoms;
(B) interior of Capsicum pubescens fruits displaying seeds with no infection symptoms; (C) Capsicum
pubescens seeds on TSA medium that was supplemented with 100 µg/mL of ampicillin; (D) a growth
of Kosakonia cowanii after 24 h of incubation.
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Figure 2. Pathogenicity test of K. cowanii Cp1 in a serrano pepper (Capsicum annuum L.). (A) Assay of
K. cowanii Cp1 that grew on serrano pepper leaves; (B) assay of K. cowanii Cp1 on the external part
of pepper fruits; (C) assay of K. cowanii Cp1 on the internal part of pepper fruits. No lesions were
observed in any case.
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3.2. General Genome and the Plasmid Features of K. cowanii Strain Cp1

From these bacterial isolates, based on fungal inhibitory essays (explained below), one
of them was selected randomly for genomic characterization. The genome of K. cowanii
Cp1 has a total length of 4,765,484 bp, 56.22% of G + C, and a plasmid (pCp1) of 128,063 bp
with 52.51% of G + C(Figure 3). The annotation results indicated 4509 protein coding
sequences (CDS) and 89 RNA genes (84 tRNA and 5 rRNA). The genome functional
subsystem categories are shown in Figure 3, where the metabolism category is represented
at 37.88%; protein processing at 9.57%; the stress response, defense, and virulence category
at 8.43%; energy at 13.43%; membrane transport at 6.76%; cellular processes at 9.21%; DNA
processing at 4.49%; RNA processing at 3.44%; cell envelope at 4.31%; and regulation and
cell signaling at 1.31%. On the pCp1 plasmid, 105 hypothetical proteins and 59 proteins
with subsystem functional assignments were detected. The BLASTN analysis of plasmid
pCp1 showed a 49% alignment and 94.22% similarity with the plasmid 888-76-1 identified
in the K. cowanii JCM 10956 strain. The plasmid Wem22 identified in the K. cowanii SMBL-
WEM22 strain showed a 46% alignment and 94.22% similarity. The plasmid unnamed1 that
was identified in the phytopathogenic K. cowanii strain Pa82 showed a 45% alignment and
95.0% similarity. When the pCh1 plasmid identified in the K. cowanii Ch1 strain that was
isolated from chili powder was compared with the pCp1 plasmid, the sequence coverage
and similarity was 100%. The pCp1 and pCh1 are IncF plasmids that have VapBC toxin–
antitoxin systems; therefore, the presence or association of IncF plasmids with the K. cowanii
isolates obtained from chili powder and Capsicum pubescens could be important. As such,
additional research is necessary to understand IncF plasmid’s functionality.
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Additionally, according to the reference database for bacterial virulence factors (VDFB),
virulence-related genes are principally classified as flagellar, iron uptake, and siderophore
and vir/avr genes were not identified (Table 1).

Table 1. Virulence-related genes as predicted by VFDB source.

Virulence Factor Classification Gene Name Putative Function

Endotoxin gtrB Bactoprenol glucosyl transferase

Iron uptake, siderophore entA
2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase

2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase of
siderophore biosynthesis

entB Isochorismatase of siderophore biosynthesis
fepB Ferric enterobactin-binding periplasmic protein FepB
fepC Ferric enterobactin transport ATP-binding protein FepC
fepD Ferric enterobactin transport system permease protein FepD
fepG Ferric enterobactin transport system permease protein FepG
entS Enterobactin exporter EntS

Secretion system, invasion, motility flgC Flagellar basal-body rod protein FlgC
motA Flagellar motor rotation protein MotA
flgH Flagellar L-ring protein FlgH
flgB Flagellar basal-body rod protein FlgB
flgG Flagellar basal-body rod protein FlgG
fliG Flagellar motor switch protein FliG
fliP Flagellar biosynthesis protein FliP

cheY Chemotaxis regulator; transmits chemoreceptor signals to
flagellar motor components CheY

cheW Positive regulator of CheA protein activity (CheW)
fliM Flagellar motor switch protein FliM
fliC Flagellin FliC
fliA RNA polymerase sigma factor for flagellar operon

On the other hand, the antibiotic resistance (AMR) genes predicted in the genome
were classified into eight categories (Figure 4). However, the genotype must be proven
with an AMR phenotype. In this regard, as a first approximation, the AMR phenotype
analysis showed that K. cowanii Cp1 has a resistance to the penicillin antibiotic class,
such as ampicillin, penicillin G, and carbenicillin, probably due to the TEM β-lactamase
detected. In addition, the bacterial strain showed resistance to erythromycin, clindamycin,
and vancomycin. We suspect that this is most likely due to the genes being classified as
efflux pumps (Figure 4). Interestingly, the rest of the antibiotics caused growth inhibition
in K. cowanii Cp1, supported by a clear zone of inhibition (Supplementary Figure S2),
which demonstrated the importance of the phenotype versus the genotype in the analysis.
Therefore, additional AMR analysis is necessary to understand the complete AMR of K
cowanii Cp1.

Based on the previous genome sequences of the Kosakonia genus isolates from diverse
sources and geographical regions, we decided to perform a phylogenomic analysis that
was based on 100 core genes for K. cowanii Cp1 and on the related strains of the Kosakonia
genus (Figure 5). The results showed that K. cowanii Cp1 is clustered with K. cowanii strain
888-76, K. cowanii JCM 10956, K. cowanii Ch1, K. cowanii strain PF-104, K. cowanii Pa82, and
K. cowanii strain Esp Z. Although it is closely related to K. cowanii Ch1—an isolate from
Mexican chili powder—the high genetic similarity between both strains means that there is
strong evidence to suspect that the K cowanii detected in chili powder is due to its spread
through Capsicum seeds.
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Figure 5. Phylogenomic analysis of K. cowanii Cp1. Phylogenetic analysis was performed in BV-BRC.
The following strains were included: K. cowanii strain 888-76, K. cowanii JCM 10956, K. cowanii Ch1,
K. cowanii strain PF-104, K. cowanii Pa82, K. cowanii strain Esp Z, K. pseudosacchari strain NN143, K.
sacchari SP1, K. sacchari strain DSM 107661, K. radicincitans strain GXGL-4A, K. oryzae strain D4, K.
radicincitans UMEnt01/12, K. arachidis strain KACC 18508, K. oryzendophytica strain REICA 082, and—as
an outgroup—Escherichia coli XH989. The label color represents the collection year. The node fill
and shape represent the country from which the isolates were gathered, including Mexico, China,
Malaysia, Republic of Korea, Sri Lanka, USA, and Zambia.

3.3. Effects of VOCs on Mycelial Growth

To investigate the effect of the VOCs on mycelial growth, each one of the fungi was
exposed to K. cowanii Cp1 in a dual-plate culture. The results in Figure 6 show that
the VOCs produced by K. cowanii Cp1 during growth on TSA medium had a significant
inhibitory effect on the mycelial growth of the tested fungi. The colony diameter of the
six-fungus plates that were treated with K. cowanii Cp1 VOCs were significantly lower
than the diameter of those grown on the control plates (Figure 6). Thus, for instance,
the highest inhibition rate caused by the VOCs of all the tested fungi was observed in
Sclerotinia sp., which exhibited an 87.45% inhibition, followed by R. solani, with a 77.24%
inhibition. S. rolfsii, A. alternata, and C. gloeosporioides demonstrated a mean radial growth
inhibition of 52.79%, 40.82%, and 55.40%, respectively. The lowest inhibition percentage
demonstrated was by F. oxysporum, with a 10.64% inhibition. Alternatively, to prove
additional mechanisms on fungal inhibition, a dual-culture assay on PDA was tested. At
first approximation, S. rolfsii demonstrated a bacterial strain; however, mycelial growth
was not affected (Supplementary Figure S1), suggesting that VOCs produced during
fermentation could be the principal mechanism of fungal inhibition. Based on this result,
we decided to analyze the VOCs’ composition.

3.4. Characterization of VOCs

Characterization of the VOCs produced by K. cowanii Cp1 can clarify the diverse
routes of metabolism that are used by this bacterial strain. With this in mind, we decided
to analyze the VOCs by HS-SPME-GC–MS, which was achieved by using the bacterial
culture that had 18 h of growth and was based on a 50% inhibition rate in a cell-free filtrate
against Sclerotium rolfsii. The volatile organic compounds produced by K. cowanii Cp1
were compared with the control, and the results showed 65 VOCs (Table 2). They were
then classified in the following functional groups (according to their total relative peak
area (Figure 7)): alcohols (23.5%), ketones (22.97%), pyrazines (10.43%), esters (10.32%),
hydrocarbons (9.5%), aldehydes (2.31%), acids (1.81%), and aromatics (0.11%).
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Table 2. The VOCs produced by K. cowanii Cp1 and detected by HS-SPME-GC–MS.

Compounds Retention
Time (min)

Relative Peak
Area (%)

Chemical
Classes Compounds Retention

Time (min)
Relative Peak

Area (%)
Chemical
Classes

Carbon dioxide 4.041 1.81 Hydrocarbons
1-Hexanol, 2-ethyl- 39.459 2.22 Alcohols

Ethyl ether 4.466 0.70 Esters

Methanethiol 4.703 0.42 Alcohols Benzaldehyde 40.287 0.94 Aldehydes

Acetaldehyde 4.854 0.54 Aldehydes 1-Octanol 42.356 1.62 Alcohols

Acetone 6.176 0.61 Ketones 2-Undecanone 44.335 1.12 Ketones

Butanal 7.610 0.32 Aldehydes 2-Acetylthiazole 45.502 0.54 Other
compounds

Ethyl Acetate 8.037 0.29 Esters Acetophenone 45.741 0.74 Ketones

2-Butanone 8.337 0.90 Ketones Pyrazine, 2,5-dimethyl-3-(3-
methylbutyl)- 46.713 0.55 Pyrazine

Butanal,
3-methyl- 9.088 0.23 Aldehydes Acetic acid, decyl ester 48.558 0.77 Esters
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Table 2. Cont.

Compounds Retention
Time (min)

Relative
Peak Area

(%)

Chemical
Classes Compounds Retention

Time (min)

Relative
Peak Area

(%)

Chemical
Classes

Ethanol 9.566 5.56 Alcohols 4,4-Dimethyl-2-
cyclopenten-1-one 49.412 0.08 Other

compounds

2,3-
Butanedione 12.247 2.58 Ketones Cyclodecane 53.105 3.10 Hydrocarbons

Trichloroethylene 12.871 0.21 Other
compounds 2-Tridecanone 57.172 1.25 Ketones

Trichloromethane 14.529 0.33 Other
compounds 3-Decen-1-ol, acetate, (Z)- 58.325 1.20 Alcohols

Toluene 15.273 0.30 Hydrocarbons Benzyl alcohol 60.204 0.68 Alcohols

Disulfide,
dimethyl 16.91 1.35 Other

compounds Butanoic acid, butyl ester 62.141 4.54 Esters

p-Xylene 21.171 0.12 Other
compounds

Propanoic acid,
2-methyl-,

2,2-dimethyl-1-(2-
hydroxy-1-methylethyl)

propyl ester

63.486 2.12 Esters

1-Butanol 21.744 1.42 Alcohols Phenylethyl Alcohol 63.944 1.99 Alcohols

Ethanol,
2-methoxy- 23.279 0.95 Alcohols Ethanol, 2,2′-oxybis- 68.575 0.51 Alcohols

2-Heptanone 24.063 0.26 Ketones Cyclododecane 71.619 4.29 Hydro-
carbons

1,3-Diazine 24.981 0.48 Other
compounds 2-Propenal, 3-phenyl- 73.169 0.28 Aldehydes

1-Butanol,
3-methyl- 25.259 4.83 Alcohols 2-Nonadecanone 74.724 0.58 Ketones

Pyrazine,
methyl- 27.947 1.15 Pyrazine Octanoic Acid 76.216 0.68 Acids

2-Butanone,
3-hydroxy- 29.244 13.52 Ketones Triacetin 76.667 0.84 Other

compounds

2-Propanone,
1-hydroxy- 29.817 0.09 Ketones 2,4,7,9-Tetramethyl-5-

decyn-4,7-diol 78.388 1.90 Alcohols

Pyrazine,
2,5-dimethyl- 30.931 6.47 Pyrazine

Benzoic acid,
4-tert-butyl-,

3,5-dichloro-4-
pyridyl ester

79.388 0.19 Esters

Pyrazine,
2,6-dimethyl- 31.245 0.27 Pyrazine Benzoic acid, 2-amino-,

methyl ester
83.037 0.12 Esters

1-Hexanol 32.875 0.20 Alcohols

Dimethyl
trisulfide 33.789 0.20 Other

compounds
Methyl

8-methyl-nonanoate 84.445 0.51 Esters

Pyrazine,
2-ethyl-6-
methyl-

34.218 0.12 Pyrazine Hexanedioic acid,
dibutyl ester 85.423 0.44 Esters

Pyrazine,
2-ethyl-5-
methyl-

34.484 0.43 Pyrazine Dodecanoic acid,
3-hydroxy- 85.693 1.13 Acids

2-Nonanone 34.997 1.32 Ketones Diethyl phthalate 88.452 0.39 Other
compounds

Pyrazine,
2-methyl-5-(1-
methylethyl)-

35.597 0.14 Pyrazine Indole 90.108 0.11 Aromatics
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Table 2. Cont.

Compounds Retention
Time (min)

Relative
Peak Area

(%)

Chemical
Classes Compounds Retention

Time (min)

Relative
Peak Area

(%)

Chemical
Classes

Pyrazine,
3-ethyl-2,5-
dimethyl-

37.062 1.30 Pyrazine
Phthalic acid,
hex-2-yn-4-yl
isobutyl ester

95.053 1.10
Other

compoundsOctanoic acid,
ethyl ester 37.407 0.43 Esters

Acetic acid,
octyl ester 39.183 0.21 Esters
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Figure 7. The VOCs detected in K. cowanii Cp1. Each figure color shows the class family of the
compounds and their percentage according to their relative peak-area profile.

As is indicated in Figure 8, the six compounds with the highest relative peak-area
percentages were 2-butanone, 3-hydroxy (13.52%); pyrazine-2,5-dimethyl (6.47%); ethanol
(5.56%); 1-butanol-3-methyl (4.83%); butanoic acid and butyl ester (4.54%); and cyclodo-
decane (4.29%). All of the results show that, during the growth of K. cowanii Cp1 on TSA
medium, there was a fermentation process that produced a mixture of VOCs—some of
them, most likely, exerted effects on mycelial growth inhibition. However, further analysis
is necessary to understand the potential mechanisms leading to the production of each
VOC and its effects on cellular processes.
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Figure 8. The VOC profiles of K. cowanii Cp1. The relative peak abundance and retention time are
shown.

3.5. Evaluation of Standard VOCs

According to the identified VOCs, we decided to analyze some compounds. The
mycelial inhibition rate of the seven compounds were as follows: the strongest antifungal
effect against S. rolfsii was benzyl alcohol, with 82.5% using 50 µL/plate and 100% using
100 and 150 µL/plate. Then, acetic acid (unidentified compound as VOC component in
K. cowanii Cp1 and used as control positive) showed 85 and 100% inhibition using 10 and
20 µL/plate, respectively, and only 21% inhibition using 5 µL/plate. For 2-nonanone, a low
inhibition of 25% was observed at 10 µL/plate, while an inhibition of 72.5 and 90% was
observed with 20 and 40 µL/plate, respectively. With 2-butanone, 3-hydroxy, an inhibition
of 70 and 82.5% was observed with 100 and 150 µL/plate, respectively, while the inhibition
observed with 50 µL/plate was only 37.5%. With 2-butanone, inhibition was 15, 56.2, and
72.5% using 50, 100, and 150 µL/plate, respectively. Acetone only showed 25% inhibition
using the highest volume (150 µL/plate). Ethanol was the compound that showed the
lowest inhibition rate; only at the highest volume of 200 µL/plate was 21.25% inhibition
observed (Figure 9).
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Figure 9. Inhibitory effect of standard VOCs on the mycelia growth of S. rolfsii. The amount for
each compound assayed were, from left to right: 50, 100, and 150 µL/plate of 2-Butanone; 50, 100,
and 150 µL/plate of 2-Butanone, 3-hydroxy; 10, 20, and 40 µL/plate of 2-Nonanone; 50, 100, and
150 µL/plate of acetone; 5, 10, and 20 µL/plate of acetic acid; 50, 100, and 150 µL/plate of benzyl
alcohol; and 50, 100, and 200 µL/plate of ethanol. Sterile distilled water was used in the control.

4. Discussion

According to the hypothesis established in this research work, the findings reported
here present, for the first time, the association of the K. cowanii strain Cp1 with seeds
of C. pubescens, a plant that is cultivated in different agroecological zones in Michoacan,
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Mexico [44]. Although C. annuum L. seeds from Queretaro, Mexico, were analyzed, bacterial
strains related to the Kosakonia genus were not detected; however, several other isolated
bacterial genera are under study in our laboratory. Although we analyzed a relatively
limited number of samples of Capsicum seeds, it is necessary to continue exploring in order
to understand the seed association of K. cowanii with the diverse species of the Capsicum
genus in the diverse geographical regions of Mexico so as to determine if the plant genotype,
plant species, environment, and soil management practices have an effect on the presence
of this bacterial species. This should be performed because previous results have detected
the presence of K. cowanii in diverse samples of chili powder [16–18,31].

Throughout the last decade, K. cowanii has been isolated and associated with the
microbiome of diverse organisms and processed products. Its huge metabolic versatility
has shown an extensive resistance to diverse environmental factors, such as pH, salinity,
temperature, and, most likely, host biomolecules, which could promote diverse bacterial
interactions with diverse organisms such as insects, plants, and humans [20–32]. In this
sense, it is widely recognized that the fruits and seeds of C. pubescens are a source of
capsaicinoids and phenolic compounds [45]. Research works have demonstrated their
antimicrobial properties as a consequence of structural or functional disruptions to the
bacterial cell membrane [46]. The fact that K. cowanii has been isolated from C. pubescens
seeds demonstrates that it possesses mechanisms of resistance to these compounds. In this
sense, the multidrug efflux pumps of MdtABC-TolC that were detected in K. cowanii Cp1
have been characterized as important components of Salmonella sp. during colonization
in the intestine and of virulence in mice [47]. In addition, this multidrug efflux pump
in the phytopathogenic Erwinia amylovora plays an important role during colonization
and resistance to plant metabolites [48] and during insect infection by Photorhabdus lumi-
nescens [49]. Also, the expression regulation of mdtABC by the primary regulator BaeR
has been observed in vitro in E. coli and Salmonella as a response to a wide range of stress
conditions, including plant metabolites such as tannins and flavonoids [49–51]. With this
in mind, it would be interesting, in the future, to understand these regulatory molecular
mechanisms as well as the chemiotaxis pathways that could serve as a route of dispersion
or interaction of the K. cowanii Cp1 strain with these biological Capsicum seed compounds.

The genome sequencing results of the K. cowanii Cp1 strain showed a close phyloge-
netic relationship with K. cowanii Ch1, including the IncF plasmid. Both strains presented
virulence genes that are principally related with iron uptake, siderophore, invasion, and
motility (Table 1). Interestingly, secretion system component genes were not detected,
which is especially relevant because the K. cowanii Pa82 strain encodes the type VI secretion
system as a virulence factor that causes plant disease [25]. Based on the results observed in
the pathogenic test of K. cowanii Cp1 in C. annuum L. plants and fruits (Figure 2), we can
conclude that K. cowanii Cp1 is not able to act as a phytopathogen despite the virulence
related genes detected. Similar results were observed in K. cowanii Ch1 [32], which sug-
gests that both bacterial strains most likely do not represent a potential risk of affecting
Capsicum plants. However, the fact that the spread of the Kosakonia genus could be asso-
ciated with Capsicum seeds is important to consider if the phytopathogenic strains of the
Kosakonia genus associated with other cultivated plants eventually might cause damage
in the Capsicum genus through different spread routes. Thus, for instance, K. cowanii has
been reported as the causal agent of bacterial wilt in tomatoes and patchouli plants and,
recently, as an emergent phytopathogen affecting soybean (Glycine max Willd) [25,26]. In
Eucalyptus trees, symptoms of bacterial blight [27] are presented, and in Mabea fistulifera
Mart. (Euphorbiaceae), necrotic spots can occur on leaves [28]. Therefore, the monitoring
of the microorganism-associated seeds of the Capsicum genus in either fresh, dried, or
processed products could be relevant in terms of avoiding the bacterial spread that comes
with a potential risk of causing infection in susceptible Capsicum plants.

On the other hand, it is recognized that the antibiotic resistance in bacteria is part of
their natural genetic characteristics and evolution processes, which play important roles
during environmental competition [52]. However, it is also one of the greatest emergent
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problems in human or animal health due to the increase in the prevalence of multidrug-
resistant (MDR) bacteria, which have arisen through natural selection due to the abusive
overuse of antibiotics in various human activities [52,53]. Therefore, the presence of
antibiotic-resistant mechanisms in K. cowanii Cp1, such as TEM β-lactamase (which allows
for phenotypical resistance to penicillin G, ampicillin, and carbenicillin) is a pressing con-
cern. In addition, the antibiotic efflux pump system that was detected and represented by
acrAB-tolC and acrAD-tolC, respectively, is an intrinsic mechanism of multidrug resistance
in the diverse members of Gram-negative bacteria. The antibiotic profile of the pump
system includes tetracycline, novobiocin, chloramphenicol, fluoroquinolone, fusidic acid,
nalidixic acid, lipophilic antibiotics, and β-lactam antibiotics [54]. Another tripartite efflux
system identified was emrAB-tolC, which has been demonstrated to induce overexpres-
sion in Escherichia coli, which causes a resistance to nalidixic acid, thiolactomycin, and
nitroxoline [55]. Also, the macrolide transporter macAB-tolC has been identified as the most
likely cause of erythromycin resistance [56]. The transporter mdfA/cmr that has also been
identified contributes to multidrug resistance in Gram-negative bacteria [57]. Additionally,
the other genes that are linked to the resistance mechanism that was identified—such as
transcription factors marAB, transcriptional repressor marR, target modification, and the
protein-altering cell wall charge conferring antibiotic resistance—are shown in Figure 4.
All of these resistance mechanisms that were detected in K. cowanii Cp1 make it neces-
sary to conduct further work so as to evaluate any potential environmental risks. This
is required because of its presence in Capsicum seeds and chili powder that are used in
human consumption.

The colonization ability of microorganisms depends on the metabolic strategies that
are ligated to the environmental factors that promote genetic expression regulation so
as to synthetize biomolecules with diverse functions during competition in an ecological
niche with a community structure [58]. Thus, for instance, the competition for nutrients
could promote a change in growth rate and could generate metabolites with certain effects
on their competitors. One class of these compounds are the VOCs, which are a huge
variety of molecules that are produced by the different metabolic pathways that have
been studied in a diverse array of microorganisms [59]. In this sense, the experimental
strategy used in K. cowanii Cp1 during a dual experiment with six tested phytopatogenic
fungi suggested that the volatile organic compounds produced during the growth of
this bacterial strain on TSA medium has inhibitory effects on the mycelial rate growth
of Sclerotinia sp., R. solani, S. rolfsii, A. alternata, and C. gloeosporioides, and this occurs by
different mechanisms when compared with F. oxysporum (which showed a lower degree
of effect). Our evidence, obtained by HS-SPME-GC–MS, demonstrates that the diverse
chemical classes of VOCs were produced by K. cowanii Cp1 during its growth fermentation
on TSA medium (Figure 7). The compounds with a high relative abundance were alcohols
(23.5%), which were represented by ethanol (at 5.56%) and 1-butanol-3-methyl (at 4.83%)
as the most abundant examples, and ketones (22.97%), where the most abundant was
2-butanone, 3-hydroxy, at 13.52%. In addition, those with a lower relative abundance were
the diverse compounds detected from the chemical family of pyrazines, esters, aromatics,
acids, hydrocarbons, aldehydes, and aromatics. Interestingly, similar results of VOC
production were found in the K. cowanii Ch1 strain, where 2-butanone, 3-hydroxy was the
most abundant compound (at 10.60%), as well as ethanol (at 5.40%), and 1-butanol-3-methyl
(4.88%) [32]. According to diverse evidence, some of these identified compounds may affect
plants through a diverse array of mechanisms and through the functionality of fungi cells
(thereby causing a disruption of membrane fluidity or wall integrity) as well as alterations
in metabolism and redox balance [59]. Although 2-butanone, 3-hydroxy could be one of
the principal compounds with antifungal properties in K. cowanii Cp1, it is too complicated
to understand because it is part of a heterogeneous mix of VOCs that have fluctuating
concentrations during the fermentation processes that were tested. This interpretation was
confirmed using standard VOCs, where 2-butanone, 3-hydroxy showed an inhibition rate
of 82.5% when the highest volume was used (150 µL/plate) compared with acetic acid,
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benzyl alcohol, or 2-nonanone, which demonstrated high inhibition activities when using a
lower volume. In addition, relative peak areas identified were 0.68% for benzyl alcohol,
1.32% for 2-nonanone, and 0.90% for 2-butanone compared with 13.52% for 2-butanone,
3-hydroxy or 5.56% for ethanol (Table 2). Therefore, a mix of VOCs has more impact than
individual compounds during biocontrol.

According to the genome sequencing analysis of K. cowanii Cp1, metabolic pathways
were present that produce 2-butanone, 3-hydroxy through the enzymatic activities of aceto-
lactate decarboxylase and 2,3-butanediol dehydrogenase via the diverse carbon sources
that are used in fermentation [60]. Evidence suggests that this molecule, functionally, has
significant effects in plants, e.g., during growth development [61], drought tolerance [62],
and defense against pathogens [63]. On the one hand, the VOC results suggest that, during
fermentation pathways, aldehyde dehydrogenase and alcohol dehydrogenase enzymes
could be necessary for ethanol production as well as for the butanal (butyraldehyde) path-
way that is required to obtain butanol (which were detected in relatively high abundance in
the VOCs from K. cowanii Cp1). These alcohol classes are components of the VOCs that are
present in a diverse array of microorganisms with antifungal activity [64]. Another interest-
ing compound that was identified as a component of the VOCs was Pyrazine-2,5-dimethyl,
with a high relative peak area (6.47%). This compound is produced in diverse bacterial
species, and it engages in antifungal activity against Magnaporthe oryzae, Phytophthora capsici,
and A. solani [59]. Although other VOCs were produced that had a lower relative-peak
abundance (Table 2), these could, nevertheless, be more important, because their antifungal
activity has been registered in the mVOC 2.0 Database [65]. Therefore, additional work is
necessary to understand the impact of each VOC, on its own or as part of a mixture, on the
growth of phytopathogenic fungi strains.

In conclusion, the finding of K. cowanii Cp1 as a microorganism that is associated with
Capsicum pubescens seeds and which has antifungal properties through VOC production
opens up the possibility of further exploration of important ecological roles as well as
of the plant–bacteria interactions with diverse molecules such as capsaicinoids and phe-
nolic compounds. Additionally, the Capsicum genus, cultivated throughout all Mexican
territory under different environmental conditions, remains to be explored in order to
understand the microbiomes associated with the seeds that are of particular interest in
terms of finding potential bacterial strains, such as Kosakonia cowanii, for the development
of biocontrol agents.
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S.; Lambert, O.; et al. Structural characterization of the EmrAB-TolC efflux complex from E. coli. Biochim. Biophys. Acta Biomembr.
2021, 1863, 183488. [CrossRef]

56. Lu, S.; Zgurskaya, H.I. MacA, a periplasmic membrane fusion protein of the macrolide transporter MacAB-TolC, binds lipopolysac-
charide core specifically and with high affinity. J. Bacteriol. 2013, 195, 4865–4872. [CrossRef]

57. Swick, M.C.; Morgan-Linnell, S.K.; Carlson, K.M.; Zechiedrich, L. Expression of multidrug efflux pump genes acrAB-tolC,
mdfA, and norE in Escherichia coli clinical isolates as a function of fluoroquinolone and multidrug resistance. Antimicrob. Agents
Chemother. 2011, 55, 921–924. [CrossRef] [PubMed]

58. Moreno, R.; Rojo, F. The importance of understanding the regulation of bacterial metabolism. Environ. Microbiol. 2023, 25, 54–58.
[CrossRef] [PubMed]

59. Almeida, O.A.C.; de Araujo, N.O.; Dias, B.H.S.; de Sant’Anna Freitas, C.; Coerini, L.F.; Ryu, C.-M.; de Castro Oliveira, J.V. The
power of the smallest: The inhibitory activity of microbial volatile organic compounds against phytopathogens. Front. Microbiol.
2023, 13, 951130. [CrossRef]

60. Marquez-Villavicencio, M.d.P.; Weber, B.; Witherell, R.A.; Willis, D.K.; Charkowski, A.O. The 3-Hydroxy-2-Butanone Pathway Is
Required for Pectobacterium carotovorum Pathogenesis. PLoS ONE 2011, 6, e22974. [CrossRef]

61. Ryu, C.M.; Farag, M.A.; Hu, C.H.; Reddy, M.S.; Wei, H.X.; Paré, P.W.; Kloepper, J.W. Bacterial volatiles promote growth in
Arabidopsis. Proc. Natl. Acad. Sci. USA 2003, 100, 4927–4932. [CrossRef] [PubMed]

62. Ryu, C.-M.; Farag, M.A.; Hu, C.-H.; Reddy, M.S.; Kloepper, J.W.; Paré, P.W. Bacterial Volatiles Induce Systemic Resistance in
Arabidopsis. Plant Physiol. 2004, 134, 1017–1026. [CrossRef]

63. Cho, S.M.; Kang, B.R.; Han, S.H.; Anderson, A.J.; Park, J.-Y.; Lee, Y.-H.; Cho, B.H.; Yang, K.-Y.; Ryu, C.-M.; Kim, Y.C. 2R,3R-
Butanediol, a Bacterial Volatile Produced by Pseudomonas chlororaphis O6, Is Involved in Induction of Systemic Tolerance to
Drought in Arabidopsis thaliana. Mol. Plant Microbe Interact. 2008, 21, 1067–1075. [CrossRef]

64. Zhao, X.; Zhou, J.; Tian, R.; Liu, Y. Microbial volatile organic compounds: Antifungal mechanisms, applications, and challenges.
Front. Microbiol. 2022, 13, 922450. [CrossRef]

65. Lemfack, M.C.; Gohlke, B.-O.; Toguem, S.M.T.; Preissner, S.; Piechulla, B.; Preissner, R. mVOC 2.0: A database of microbial
volatiles. Nucleic Acids Res. 2017, 46, D1261–D1265. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

90



Citation: Tripathi, R.; Vishunavat, K.;

Tewari, R.; Kumar, S.; Minkina, T.; De

Corato, U.; Keswani, C. Defense

Inducers Mediated Mitigation of

Bacterial Canker in Tomato through

Alteration in Oxidative Stress

Markers. Microorganisms 2022, 10,

2160. https://doi.org/10.3390/

microorganisms10112160

Academic Editor: Dawn L. Arnold

Received: 12 September 2022

Accepted: 27 October 2022

Published: 31 October 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

microorganisms

Article

Defense Inducers Mediated Mitigation of Bacterial Canker in
Tomato through Alteration in Oxidative Stress Markers
Ruchi Tripathi 1,*, Karuna Vishunavat 1, Rashmi Tewari 1, Sumit Kumar 2, Tatiana Minkina 3, Ugo De Corato 4 and
Chetan Keswani 3,*

1 Department of Plant Pathology, College of Agriculture, G B Pant University of Agriculture and Technology,
Pantnagar 263145, India

2 Department of Mycology and Plant Pathology, Institute of Agricultural Sciences, Banaras Hindu University,
Varanasi 221005, India

3 Academy of Biology and Biotechnology, Southern Federal University, Rostov-on-Don 44090, Russia
4 Department of Bioenergy, Biorefinery and Green Chemistry (TERIN-BBC-BIC)-Italian National Agency for the

New Technologies, Energy and Sustainable Economic Development (ENEA)-Territorial Office of Bari,
Via Giulio Petroni 15/F, 70124 Bari, Italy

* Correspondence: assidious.rt35685@gmail.com (R.T.); kesvani@sfedu.ru (C.K.); Tel.: +7-98-8991-9786 (C.K.)

Abstract: The bacterial canker disease of tomato caused by Clavibacter michiganensis subsp. michiga-
nensis (Cmm) has been reported to adversely affect the tomato cultivation in the NE hilly regions of
India. Defense inducers such as salicylic acid (SA), isonicotinic acid (INA), benzothiadiazole (BTH)
and lysozyme were used as prophylactic and curative sprays at different concentrations to test their
efficacy in inducing resistance in tomato plants against Cmm under protected conditions. The induced
resistance was studied through the alteration in the activities of oxidative stress marker enzymes
(PAL, PO, PPO, TPC and PR-2 protein), hydrogen peroxide formation in leaf tissues and lignin
accumulation in stem tissues, as well as through the reduction in disease severity under glasshouse
conditions. The results of the present study revealed that the enzymatic activity, hydrogen peroxide
formation and lignin production were significantly higher in the BTH (500 ppm)-treated leaves than
in those observed in the control. The lowest disease incidence was recorded when BTH was applied
as a prophylactic spray (27.88%) in comparison to being applied as a curative spray (53.62%), thereby
suggesting that a defense inducer, BTH, shows antibacterial activity against Cmm, reduces disease
incidence severity and induces defense responses in the tomato plant.

Keywords: Cmm; Solanum lycopersicum; ROS metabolism; antioxidant enzymes; defense inducers

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most extensively cultivated vegetable
crops [1]; however, its cultivation is heavily affected by several plant pathogens which
affect the quantity and quality of the produce. The crop is generally affected by different
fungal, bacterial, viral and nematode diseases in the hilly region of northern India. Among
the bacterial diseases, bacterial wilt (Ralstonia solanacearum) and bacterial spot (Xanthomonas
campestris pv. vesicatoria) have been reported [2], often adding to the grower’s losses. While
most of the tomato diseases are caused by Gram-negative bacteria, a bacterial disease
causing leaf necrosis, wilting and splitting of stem and cankers in the fruits have been
observed in recent years, causing damage to the crop in the tomato-growing areas of
the northern hilly region. The disease was detected to be bacterial canker caused by the
Gram-positive bacterium Clavibacter michiganensis ssp. michiganensis (Smith) Davis. The
world-wide spread of this bacterium is facilitated by contaminated seed stocks, in which a
single infected seed in 10,000 can initiate an epidemic [3]. The bacterium reduces the quality
and quantity of the product, leading to substantial economic losses both in protected and
open field conditions, which may sometimes even lead to complete yield loss [4–8].
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Bacterial diseases, including bacterial canker, are expected to become more aggressive
in the near future due to climate instability, with devastating effects on basic food-producing
areas [9]. Disease management becomes difficult due to the unavailability of resistant
cultivars and other effective measures. However, defense inducers or eustressors can play a
potential role in reducing the disease’s severity by alleviating the defense response and thus
by providing efficient resistance in the plants toward the invading pathogen [10]. These
eustressors are also known as elicitors and can be obtained either from a plant, microbe or
derived synthetically [11]. The priming of susceptible plants with these elicitors leads to
an improvement in plant growth and development [12], and also increases the resistance
to biotic stress (plant pathogens), both locally and systemically, by inducing the systemic-
acquired resistance (SAR) in plants [13–15]. The initiation of SAR is frequently linked
with varied defense responses taking place within the cells, viz., pathogenesis-related (PR)
proteins, phytoalexins synthesis, reactive oxygen species (ROS) accumulation, boosted
action of defense-related enzymes [16] and lignin formation [17]. The pretreatment of
tomato seedlings with acibenzolar-S-methyl (ASM) significantly reduces Cmm growth and
disease severity during the course of the infection [18]. This ASM-mediated enhanced
resistance is associated with increased activities of plant peroxidase and chitinase [19].
Additionally, DL-β-amino butyric acid (BABA) treatment remarkably suppresses symptom
development caused by Cmm via the enhanced peroxidase and phenylalanine ammonia-
lyase activities of the host plant [20]. Therefore, the purpose of this study was to evaluate
the effective defense inducers so that an alternative to antibiotics can be explored for the
management of bacterial canker disease in tomato.

2. Materials and Methods
2.1. Source of Cmm and Planting Material

The strain Cmm10 (Genbank Accession No. MH321815) of C. michiganensis subsp.
michiganensis, isolated from Himachal Pradesh, India, was routinely sub-cultured in nutrient
broth–glucose–yeast medium (NGY: Nutrient Broth: 8.0 g, Yeast extract: 2.0 g, K2HPO4:
2.0 g, KH2PO4: 0.5 g, Glucose: 2.5 g, Agar: 15.0 g, in 1 L of distilled water followed by
sterilization at 121 ◦C, at 15 psi for 15–20 min) was routinely used for the experiments.

Seedlings of susceptible tomato cv. Rohini and US 2853 were grown in 10 cm pots in a
soil + sand + vermicompost mix (2: 1: 1) in the glasshouse at 28 ± 2 ◦C with 68–80% RH
with alternate light and dark cycle (10 h: 14 h: dark: light). Leaves, disinfected with
70% ethanol and sterile distilled water (DW) were used for the study.

2.2. Preparation and Application of Defense Inducers

Salicylic acid (SA), isonicotinic acid (INA), benzothiadiazole (BTH) and lysozyme
were procured from Sigma-Aldrich, Co. (Darmstadt, Germany) and were dissolved in
sterile distilled water for the final concentrations of 200 ppm, 500 ppm and 800 ppm. Plants
were grouped into five sets for each treatment with ten replicates. Set I: sprayed with SA,
INA, BTH and lysozyme (200 ppm); Set II: sprayed with SA, INA, BTH and lysozyme
(500 ppm); Set III; sprayed with SA, INA, BTH and lysozyme (800 ppm); Set IV; sprayed
with Cmm; Set V: sprayed with water. About 200 µL of the prepared concentration was
sprayed onto whole seedlings [18] and the seedlings were maintained in glasshouse in the
aforementioned conditions. Leaves (1 gm) were collected after two days of treatment to
evaluate various biochemical attributes.

2.3. Bacterial Strain Inoculation

The bacterial strain Cmm10 was maintained in NGY at 4 ◦C. Inoculum was prepared
from early log-phase cells of bacterial strain grown in nutrient yeast extract broth at 27 ◦C
on an orbital shaker at 200 rpm for 24 h. Bacteria were then pelleted by centrifugation
(twice, each at 3500 rpm for 5 min) and the pellet was rinsed twice by sterilized water and
adjusted to the value of 0.06 at OD660 nm, which corresponds to 108 cfu/mL for inoculation.

92



Microorganisms 2022, 10, 2160

The two youngest leaves were then inoculated by cutting at the tips and dipping them into
the bacterial suspension [21].

2.4. Sample Preparation for Enzymatic Activity Determination
2.4.1. Sample Collection

The samples were taken from the seedlings sprayed with four defense inducers at
three different concentrations (200 ppm, 500 ppm and 800 ppm), at two different durations
for biochemical analysis after 48 h in all the sets of experiment to assess the change in
enzymatic activity. Leaf tissues were taken at the actual site of inoculation with Cmm in the
case of inoculated plants and from sites similar to those on inoculated leaves in the case of
the control plants. These leaf tissues were stored in a deep freezer (−80 ◦C) until used for
biochemical analysis.

2.4.2. Biochemical Analysis
Polyphenol Oxidases (PPOs) Assay (EC 1.14.18.1)

Leaf samples (0.1 g) were homogenized in 2 mL of ice-cold phosphate buffer (0.1 M/L)
at pH 6.5 and the homogenate was centrifuged at 16,000 rpm for 30 min at 4 ◦C. The
supernatant thus obtained was used directly in the enzyme assay. The reaction mixture for
this assay contained 0.4 mL catechol, the substrate for PPOs estimation (1 mM/L) in 3 mL
of (0.05 M/L) sodium phosphate buffer at pH 6.5 and 0.4 mL enzyme extract, whereas the
reaction mixture without the enzyme extract served as control. The change in absorbance
was recorded at 405 nm [22] and the PPO enzyme activity was expressed as change in OD
min/mg/FW.

Phenylalanine Ammonia Lyases (PALs) Assay (EC 4.1.3.5)

For PALs assay, 0.1 g leaf samples from each treatment were homogenized in 2 mL of
sodium borate buffer (0.1 M/L; pH 7.0; 4 ◦C) containing (1.4 mM/L) 2-mercaptoethanol.
Homogenate was centrifuged at 16,000 rpm at 4 ◦C for 15 min and the supernatant was
used as enzyme source. The reaction mixture containing 0.2 mL enzyme extract, 0.5 mL
(0.2 M/L) borate buffer at pH 8.7 and 1.3 mL of water was prepared, and the reaction
was initiated by the addition of 1 mL L-phenylalanine (0.1 M/L at pH 8.7) followed by
an incubation at 32 ◦C for 30 min. The termination of the ongoing reaction was achieved
by pouring 0.5 mL of trichloroacetic acid (TCA, 1 M/L) into the reaction mixture. The
measurement of PALs activity was conducted by estimating trans-cinnamic acid formation
at 290 nm and was expressed as µmol/min/g fresh weight (FW) TCA [23].

Peroxidases (POs) Assay (EC 1.11.1.7)

Peroxidases assay was performed by homogenizing leaf samples (0.1 g) in 2 mL of
ice-cold phosphate buffer (0.1 M/L), with a pH of 7.0 at 4 ◦C, centrifuged at 16,000 rpm at
4 ◦C for 15 min, and the supernatant was used as enzyme source. Pyrogallol (0.05 M/L)
(1.5 mL), enzyme extract (0.05 mL) and 0.5 mL H2O2 (1% v/v) was used as reaction mixture.
The changes in the absorbance at 420 nm were recorded after 30 s intervals for 3 min and
the enzyme activity was expressed as change in the U/min/g FW [24].

Total Phenol Content (TPC) Assay

For estimation of total phenol content, the leaf tissues (0.1 g) dished in 5 mL ethanol
(95%) were placed at 0 ◦C for 48 h. Each sample was homogenized and centrifuged
at 10,000 rpm for 10 min. Reaction mixture containing 1 mL of 95% ethanol, 5 mL of
autoclaved distilled water and 0.5 mL of 50% Folin–Ciocalteau reagent was added to 1 mL
of the supernatant and well shaken. Then, 1 mL of 5% sodium carbonate was added after
5 min and the reaction mixture was incubated at room temperature for an hour. The
absorbance of the developed color was recorded at 725 nm [25]. Standard curves were
prepared for each assay using different concentrations of gallic acid (GA) in 95% ethanol.
Absorbance values were converted to mg GA equivalents (GAEs) g−1 FW.
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PR2 (β-1,3-Glucanase) Protein Assay

The β-1,3-glucanase activity was assayed by the laminarin-dinitrosalicylic acid method [26].
The reaction mixture consisted of 62.5 µL of 4% laminarin and 62.5 µL of enzyme extract.
The reaction mixture was carried out at 40 ◦C for 10 min. The reaction was stopped, 375 µL
of dinitrosalicylic acid was added and the reaction was heated for 5 min in boiling water,
then vortexed and the absorbance was measured at 500 nm. The enzyme activity was
measured as µg glucose released in min−1 mg−1 protein.

2.5. Histochemical Analysis
2.5.1. Hydrogen Peroxide Production

The histochemical analysis of hydrogen peroxide (H2O2) was performed by DAB (3, 3-
diaminobenzidine) resulting in a reddish-brown staining [27]. Leaf discs were immersed in
DAB solution (1 mg ml−1; pH 7.5) and incubated in the dark for 20 h at room temperature for
qualitative estimation of H2O2. The leaf discs were then boiled in 15 mL solution containing
absolute ethanol and lactophenol (2:1) for 5 min and then rinsed with ethanol (1 mL of
50%) twice and finally examined under light microscope (Nikon DS-fi1, Tokyo, Japan) to
estimate H2O2 production in leaf tissues.

2.5.2. Lignification

Transverse stem sections from each treatment were examined. The stem sections were
fixed in 95% (v/v) ethanol mounted on a slide in a solution of saturated aqueous phlorogluci-
nol in 20% hydrochloric acid and observed with light microscope (Leica (Wetzlar, Germany)
DM2500). Positive lignin staining was indicated by red-violet coloration of the tissue [28].

2.6. Assessment of Defense Inducers Efficacy on Disease Incidence under Protected Conditions

Tomato seedlings (Cv. Rohini and US2853) were maintained in the glasshouse in the
aforementioned conditions and were treated with defense inducers in two sets at the fifth
week stage. In Set I: the curative spray of the defense inducers was given at 200 ppm,
500 ppm and 800 ppm, and in Set II: prophylactic spray of the defense inducers was given
at equal concentrations to determine the most efficient concentration and spray duration
for disease management. For the inoculation of healthy plants with Cmm, the two youngest
leaves at the fifth week stage of the plants were inoculated by cutting them at the tips
and dipping them into the bacterial suspension (108 cfu) [21]. The tomato plants treated
only with water served as negative control and plants inoculated only with Cmm served as
positive control. Disease progress was monitored until 21 days after inoculation. Disease
incidence (percentage of plant infection) was recorded by using the standard formula. Fifty
plants were used for each set of concentration and the experiments were replicated thrice.

Disease incidence (%) = (Number of diseased plants in the plot/Total number of plants
in the plot) × 100.

2.7. Statistical Packages

Data obtained were analyzed by Statistical Package for Social Science (SPSS) version
26.0 for Windows (SPSS, Chicago IL, USA). Descriptive statistics (mean and standard devia-
tion) analysis of variance with means separated using Tukey’s test and level of significance
were considered as p≤ 0.05. The figures were generated in Prism 9.0.1 (GraphPad Software,
La Jolla, CA, USA).

3. Results
3.1. Effect on Peroxidase Activity

POx activity was significantly higher in the plants sprayed with defense inducers at
500 ppm in both varieties, followed by 200 ppm (Figure 1A). However, at an 800 ppm
concentration, a phytotoxicity symptom was observed in some plants. The enzymatic
activity in the plants sprayed only with the pathogen was near to that of a 200 ppm
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concentration and the least enzymatic activity was observed in the plants sprayed only
with water.
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When the prophylactic spray of the defense inducers was applied, the maximum
enzymatic activity was observed in the plant sprayed with BTH followed by SA, INA and
lysozyme. Enzymatic activity was lesser in US2853 in comparison to Rohini. A significant
elevation of the PO activity was observed in the varieties Rohini and US2853, which
received the BTH foliar spray at a 500 ppm concentration (2.97, 2.68) (p < 0.05), followed by
the plants sprayed with defense inducers at 200 ppm and 800 ppm. The least enzymatic
activity was observed in cultivar US2853 (0.098), sprayed only with water, followed by the
plants inoculated only with the pathogen (0.642) in cultivar US2853.

Enzymatic activity reached the maximum in the plants treated with SA in both the
cultivars (1.78, 0.925; p ≤ 0.05), respectively, at a 500 ppm concentration followed by
200 ppm and 800 ppm when the curative spray of defense inducers was applied (Figure 1B).
However, a rise in enzymatic activity was also observed in the Rohini cultivar plants
receiving a curative spray of lysozyme. The least enzymatic activity was observed in
cultivar US2853 (0.098), sprayed only with water, followed by the plants only inoculated
with the pathogen (0.642) in cultivar US2853.

3.2. Effect of Defense Inducers on Phenylpropanoid Activity
3.2.1. PAL Activity

The maximum PAL activity was observed in the plants given the prophylactic spray
with BTH in the cultivar Rohini followed by US2853 (12.02, 7.82, p ≤ 0.05) at a 500 ppm
concentration (Figure 2A). The second highest enzymatic activity was observed in the plants
sprayed with SA (6.14, 4.13, p ≤ 0.05), INA and lysozyme. Amongst the four treatments,
the least effective treatment was that of lysozyme at 800 ppm (2.23, 2.17) (p ≤ 0.05), in
cultivars Rohini and US2853, respectively.

Within the plants receiving the spray of defense inducers after the inoculation of the
pathogen, the highest enzymatic activity was observed in the plants treated with SA at
500 ppm (5.37, 2.46; p ≤ 0.05) (Figure 2B) followed by BTH and lysozyme at 500 ppm
concentrations. The least enzymatic activity amongst the treatment was observed in the
plants treated with INA (3.71, 1.45; p ≤ 0.05) in cultivars Rohini and US2853, respectively.

3.2.2. Total Phenolic Content

The treatments with defense inducers (SA, INA, BTH and lysozyme) elevated the
total phenolic content significantly in plants receiving the prophylactic spray of defense
inducers in comparison to the control. However, phenolic content was significantly higher
in the plants sprayed with BTH at a 500 ppm concentration in the cultivars Rohini and
US2853 (5.18, 0.726, p < 0.05), respectively. An elevated phenolic content was observed
in the SA-treated plants followed by the INA-treated plants, and the minimum phenolic
content amongst the four treatments was observed in the plants treated with lysozyme
(2.18, 0.515, p ≤ 0.05) (Figure 3A) in cultivar Rohini.

It was observed that in the plants receiving the curative spray of defense inducers (SA,
INA, BTH and lysozyme), at three varied concentrations (200 ppm, 500 ppm and 800 ppm),
the phenolic content was higher in plants sprayed with SA in both the cultivars viz., Rohini
and US2853 (3.92, 0.559, p ≤ 0.05) (Figure 3B), followed by the plants treated with BTH and
lysozyme. The minimum phenolic content amongst the four treatments was observed in
the plants treated with INA (1.36, 0.417; p ≤ 0.05).

3.2.3. Polyphenol Oxidase Activity

The prophylactic spray of defense inducers showed a significant increase in the PPO
activity in comparison to the positive and negative controls. The highest PPO activity
was observed in the plants sprayed with BTH at 500 ppm in the cultivar Rohini followed
by the cultivar US2853 (81.68, 61.30, p < 0.05) (Figure 4A). The least enzymatic activity
was observed in the plants treated with lysozyme (31.82, 19.57, p ≤0.05) at the same
concentration. The minimum enzymatic activity was observed in the plants sprayed only
with water.
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The findings indicate that, while receiving the treatment of defense inducers after
inoculation with the pathogen, the maximum enzymatic activity was observed in the
plants treated with SA in both the cultivars viz., Rohini and US2853 (67.39, 38.3, p < 0.05)
(Figure 4B) at a 500 ppm concentration followed by the enzymatic activity at 200 ppm and
800 ppm. The second highest enzymatic activity was observed in the plants treated with
BTH followed by INA and lysozyme with similar concentration patterns. The minimum
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enzymatic activity was observed in the plants sprayed only with water followed by the
plants inoculated only with the pathogen.

3.3. Effect of Defense Inducers on β-1,3-Glucanases (PR-2 Protein) Activity

It is also observed that in the plants receiving the prophylactic spray of the defense
inducers, the level of β-1,3-glucanases was significantly higher when treated with BTH at a
500 ppm concentration (3.28, 2.75, p ≤ 0.05). The second highest enzymatic activity was
observed in the plants treated with SA followed by the plants treated with INA. The least
enzymatic activity was observed in the plants receiving the lysozyme treatment (1.09, 1.42,
p ≤ 0.05) (Figure 5A) in cultivars Rohini and US2853, respectively.
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Studies have indicated that in the plants receiving the treatments of defense inducers
at 200 ppm, 500 ppm and 800 ppm for the four-defense inducer, after the inoculation of
the pathogen, the maximum activity in the cultivar Rohini was observed at the lysozyme
500 ppm concentration (0.672, p ≤ 0.05) (Figure 5B), while in cultivar US2853 the maximum
enzymatic activity was found at the SA 500 ppm concentration (0.393, p ≤ 0.05). The
minimum PR-2 protein activity was observed in the tomato plants treated with BTH (0.11,
0.12, p ≤ 0.05) in cultivars Rohini and US2853, respectively.

3.4. Effect of Defense Inducers on Hydrogen Peroxide Generation

The formation of hydrogen peroxide in the leaves can be observed as the reddish-
brown coloration of the leaf tissue easily visible to the naked eye. The leaf tissue sections
undergo the DAB staining, which is distributed uniformly throughout the leaves. A simple
test required for ensuring the peroxidase activity involves the exposure of the plant tissues
to DAB and H2O2. DAB polymerization was studied in treated and untreated leaves after
48 h of incubation and the effect of the defense inducers and pathogen inoculation on
peroxidase activity was determined on leaf tissues.

It was observed that in the tomato leaves, when given the prophylactic spray of the
defense inducers (Figure 6), the peroxidase level was higher at 48 h after treatment in plants
sprayed with BTH at a 500 ppm concentration followed by the plants sprayed with SA and
INA. The minimum hydrogen peroxide production was observed in the plants treated with
lysozyme before pathogen inoculation.
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Figure 6. Visualization of hydrogen peroxide formation in the leaves of the plants receiving the pro-
phylactic spray of defense inducers: (A) positive control (PC), (B) negative control (NC), (C) salicylic
acid (SA), (D) isonicotinic acid (INA), (E) benzothiodiazole (BTH) and (F) lysozyme at 500 ppm after
48 h of treatment.

3.5. Effect of Defense Inducers on Lignin Deposition

A significant variation in the transverse section of the stem from different treatments
was observed through histochemical staining. The tomato plants were given the prophy-
lactic treatments of the defense inducers (Figure 7) and were then screened for lignin
production at 48 h after the treatment by cutting the transverse section of the stem 1 cm
above the point of inoculation. It was observed that lignin content was the highest in the
plants sprayed with SA at 500 ppm concentrations, followed by the plants sprayed with
BTH and INA. The least lignin content was observed in the plants treated with lysozyme
before pathogen inoculation.
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Figure 7. Lignin formation in the xylem vessels of the tomato plants’ stem receiving the prophylactic
treatment of defense inducers ((A) SA, (B) INA, (C) BTH, (D) lysozyme, (E) positive control and
(F) negative control) at 500 ppm after 48 h of treatment.

3.6. Assessment of Defense Inducers Efficacy on Disease Incidence Management and Disease
Severity under Protected Conditions

While comparing the timings of application and the most efficient doses of defense
inducers for effective disease management, it was found that the disease incidence was at
its minimum in BTH when applied before pathogen inoculation (27.88%) and it was at its
highest in lysozyme (49.72%) with the prophylactic spray at 500 ppm (Figures 8 and 9).
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Figure 8. Principal component analysis depicting correlation and significance between defense
inducers used at different concentrations and varieties Rohini (moderately resistant) and US 2853
(susceptible check) during prophylactic spray. The analysis was generated using the ClustVis website,
https://biit.cs.ut.ee/clustvis/ (accessed on 9 July 2022).
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Figure 9. Clustering and heatmap analysis of effect of defense inducers on % disease incidence
during prophylactic spray. The rows express the individual defense inducers concentrations and the
columns indicate the defense inducers used in the study viz., lysozyme (LYSO), benzothiodiazole
(BTH), isonicotinic acid (INA) and salicylic acid (SA). Here, 1 and 2 indicate Variety 1 (US2853) and
Variety 2 (Rohini), respectively. Herein, untreated and uninoculated seedlings (water only) served
as negative control while untreated and inoculated seedlings (Cmm only) served as positive control.
Lower numerical values are the blue color, whereas higher numerical values are the red color. Map
was generated by using the ClustVis website, https://biit.cs.ut.ee/clustvis/ (accessed on 9 July 2022).
The results are expressed as averages of three replications.

When the plants received the treatments with defense inducers after the inoculation
of the pathogen, the treatment exhibiting the lowest disease incidence was BTH (53.62%)
and the treatment exhibiting the highest disease incidence was INA (62.94%) at 500 ppm
(Figures 10 and 11).

Microorganisms 2022, 10, x FOR PEER REVIEW 16 of 22 
 

 

(BTH), isonicotinic acid (INA) and salicylic acid (SA). Here, 1 and 2 indicate Variety 1 (US2853) and 
Variety 2 (Rohini), respectively. Herein, untreated and uninoculated seedlings (water only) served 
as negative control while untreated and inoculated seedlings (Cmm only) served as positive control. 
Lower numerical values are the blue color, whereas higher numerical values are the red color. Map 
was generated by using the ClustVis website, https://biit.cs.ut.ee/clustvis/ (accessed on 9 July 2022). 
The results are expressed as averages of three replications. 

When the plants received the treatments with defense inducers after the inoculation 
of the pathogen, the treatment exhibiting the lowest disease incidence was BTH (53.62%) 
and the treatment exhibiting the highest disease incidence was INA (62.94%) at 500 ppm 
(Figures 10 and 11). 

 
Figure 10. Principal component analysis depicting correlation and significance between defense in-
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Figure 10. Principal component analysis depicting correlation and significance between defense
inducers used at different concentrations and varieties Rohini (moderately resistant) and US 2853
(susceptible check) during curative spray. The analysis was generated by using the ClustVis website,
https://biit.cs.ut.ee/clustvis/ (accessed on 9 July 2022).
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three defense inducers, the prophylactic spray was more effective in the management of 
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Figure 11. Clustering and heatmap analysis of effect of defense inducers on % diseases incidence
during curative spray. The rows express the individual defense inducers concentrations and the
columns indicate the defense inducers used in the study viz., lysozyme (LYSO), benzothiodiazole
(BTH), isonicotinic acid (INA) and salicylic acid (SA). Here, 1 and 2 indicate Variety 1 (US2853) and
Variety 2 (Rohini), respectively. Herein, untreated and uninoculated seedlings (water only) served
as negative control while untreated and inoculated seedlings (Cmm only) served as positive control.
Lower numerical values are the blue color, whereas higher numerical values are the red color. Map
was generated by using the ClustVis website, https://biit.cs.ut.ee/clustvis/ (accessed on 9 July 2022).
The results are expressed as averages of three replications.

The application of lysozyme at a 500 ppm concentration before or after the inoculation
did not exhibit much difference in disease incidence; however, in the case of the other three
defense inducers, the prophylactic spray was more effective in the management of the
pathogen at 500 ppm. A decline in the percentage of disease incidence was observed at
800 ppm as well, but the treated plants also showed phytotoxic symptoms, making this
concentration not suitable for disease management.

4. Discussion

The activation of the antioxidant network and the phenylpropanoid pathway are the
primary steps taken by the plant as management of biotic stress [29]. SAR development is
found to be connected with the varied cellular defense responses, such as PR protein synthe-
sis, formation of phytoalexins and buildup of reactive oxygen species (ROS), fast changes in
cell wall composition and significant increases in the concentration and activity of defense-
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related enzymes [16]. In this study, the dense inducer-treated pathogen-inoculated plants
showed an elevation in their enzymatic and phenylpropanoid activities in comparison
to the positive and negative controls. The studies exploring active oxygen species (AOS)
during SAR expression showed ample evidence that AOS, H2O2 in particular, execute
numerous significant functions in early defense responses of the plant against pathogens,
and that these responses generally include mechanisms such as antimicrobial action, lignin
formation, phytoalexin production and induction of SAR [17]. AOS may also render dele-
terious effects on cell health. O2, OH and H2O2 are some of the ROS generally produced
under stress conditions [30], acting as attacking oxidizing species that can rapidly affect
all types of bio-molecules and easily damage them. Oxygen radical detoxifying enzymes
such as catalase, peroxidase and superoxide dismutase (SOD), as well as nonenzymatic
antioxidants such as ascorbate peroxidase and glutathione-S-transferase (GST) [31], play
an important role in protecting the plant cells from the damage caused due to increased
ROS generation [32].

The pre-treatment of plants with different biotic (pathogens and insect pests) and
abiotic (chemicals) inducers induces plant resistance which helps defend the plants against
subsequent attacks [33–35]. The plant phytohormones induce plant defense against many
biotic and abiotic stresses. Salicylic acid is an important and well-studied endogenous plant
growth regulator that generates a wide range of metabolic and physiological responses
in plants involved in plant defense, in addition to their impact on plant growth and
development [36,37]. In the current study, the leaf extract analysis showed an increase
in the PO accumulation in all the treatments in comparison to the negative and positive
controls. SA also activates the generation of ROS and other defensive processes such
as hypersensitive response and cell death [38]. The simultaneous inclusion of phenolic
compounds in the cell wall during incompatible plant–microbe/elicitor interactions can be
associated with an increase in POX activity. The enzyme POXs are supposed to catalyze the
last few steps of the lignification pathways in the tomato. A low activity of POX in plants
treated with defense inducers at higher concentrations may be due to the phytotoxicity
experienced by the plant at higher concentrations [39].

PAL plays an important role in plant defense; it is involved in the biosynthesis of
salicylic acid, an essential signal involved in plant systemic resistance. The enhanced
enzymatic activity of PAL is the foremost response in a number of plant species to pathogen
challenges and is very much associated with resistance [40]. An alleviation in the PAL
activity by addition of salicylic acid to Saussurea medusa cell cultures at a concentration of
20µM [41] and a reduction in severity of Lasidiploidia theobromae [42] were reported, due to
the priming of tea plants with BTH before inoculation with L. theobromae after an increase in
PAL activity. In the present study, PAL activity was at its highest in the pathogen-inoculated
defense-inducers-treated plant as compared to the negative and positive controls.

The stress posed on the plants by varied biotic and abiotic stress inducers can be
defended by phenolic compounds [33,43,44]. The physiology of plants and their displayed
metabolism can be altered by the oxidation of phenols that produce many defensive
compounds, which help the plant in surviving against different stresses either directly or
through diverse plant-signaling pathways [45]. Furthermore, ROS such as superoxide anion,
hydroxide radicals, H2O2 and singlet oxygen produced by the oxidation of phenols activate
plant defense enzymes [46,47]. PPOs can be considered as one of the most important
enzymes involved in plant defense against many biotic and abiotic stresses [33]. Defense
inducers such as jasmonic acid, SA and ethylene have been observed to stimulate such
enzymes in plants [48]. An increase in the enzymatic activities and phenylpropanoid
syntheses was also observed in the Bacillus cereus-treated, Cmm-infected tomato plant [49].
The result observed in the present study is in agreement with the findings of various
researchers, wherein an elevation in the phenolic content and PPO activity was observed in
the defense-inducer-treated pathogen-inoculated plant as compared to the positive and
negative controls.
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The PR proteins β-1,3-glucanases (PR-2) and chitinases (PR-3) have been recognized to
possess enzymatic activities, including direct antimicrobial activity by degrading microbial
cell wall components. The enzymatic activities of these proteins lead to the breakdown
of the pathogen and/or plant cell wall components which act as elicitors to plant defense
responses [50]. Chitinase enzymes have been reported to have lysozymal activity leading
to bacterial cell wall hydrolyses in a few plants [51,52]. The PR genes expression and the
connected accretion of the encoded PR proteins have often been considered as the molecu-
lar basis of induced resistance. SA, JA and ET stimulate the production of antimicrobial
compounds such as phytoalexins and pathogenesis-related (PR) proteins [53] that eventu-
ally initiate a hypersensitive response (HR) that causes infected cell death and pathogen
containment [52,54]. In the present study, an elevation in the β-1,3-glucanases activity was
also observed in the defense-inducer-treated pathogen-inoculated plant as compared to the
positive and negative controls.

Salicylic acid and its functional analogous have also been reported to increased H2O2
levels in treated tobacco leaves [55]. H2O2 plays a vital role not only in stimulating
hypersensitive cell death, but also in restricting the spread of cell death by inducing the
expression of cell-protecting genes in surrounding cells [31]. In the present study, a higher
accumulation of H2O2 was also observed in plants treated with defense inducers, and
similar histochemical studies carried out by [34] also clearly showed that defense inducers
such as BTH and ASM induce H2O2 accumulation in bean plants. The elevated levels of
H2O2, which result from the inhibition of ROS, eventually serve as a secondary messenger
for the induction of defense responses [39].

A polymer of the phenylpropanoid compound, lignin, is present constitutively in
plants. However, its composition and content can vary at alternate levels on the basis
of the degree of stress to which the plants are exposed. Alleviation in lignification is
often observed in plants as a response to the biotic stresses experienced by them and is
considered as one of the mechanisms adopted by the plant in its defense [55]. The resistance
of plants to the cell-wall-degrading enzymes produced by the pathogen can be enhanced
by strengthening the plant cell wall by phenolics and lignin, thereby acting as a perfunctory
blockade to toxin invasion and to physical penetration toward the protoplast [56]. The
transverse section of stems, exhibiting the lignin deposition in stem cells, may block
the pathogen penetration, as was also observed by some researchers [57,58]. A higher
lignin deposition was also observed in the present study in the defense-inducer-treated
pathogen-inoculated plant, thereby indicating that the priming of plants by defense inducers
before pathogen inoculation activates a faster and more pronounced defense response in
them [59,60].

5. Conclusions

The present study very clearly demonstrates an augmented defense response in
tomato plants against Cmm by defense inducers. The defense inducers not only elicited the
antioxidant activity that caused an increased H2O2 generation but also the phenylpropanoid
activity that caused an increased PAL activity followed by alleviated phenolic accumulation
and lignin deposition. Moreover, there is also evidence of ROS generation as indicated by
higher POX and β-1,3-glucanases activities. The increased response of all these activities in
the defense-inducer treatment compared to the negative and positive controls is positively
correlated with reduced disease incidence. The defense inducers in tomato crops may thus
be used to enhance the defense responses toward Cmm.
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Abstract: To evaluate the potential of a bacterial strain as a fungal disease control agent and plant
growth promoter, its inhibitory effects on phytopathogens such as Bipolaris sorokiniana, Botrytis cinerea,
Colletotrichum capsici, Fusarium graminearum, F. oxysporum, Neocosmospora rubicola, Rhizoctonia solani,
and Verticillium dahliae were investigated. The results showed that the inhibitory rates in dual-culture
and sterile filtrate assays against these eight phytopathogens ranged from 57% to 83% and from
36% to 92%. The strain was identified as Bacillus velezensis based on morphological and physiological
characterization as well as phylogenetic analyses of 16S rRNA and the gyrase subunit A protein (gyrA)
regions. The results demonstrated that B. velezensis was able to produce fungal cell-wall-degrading
enzymes, namely, protease, cellulase, and β-1,3-glucanase, and the growth-promotion substances
indole-3-acetic acid (IAA) and siderophore. Furthermore, B. velezensis BV01 had significant control
effects on wheat root rot and pepper Fusarium wilt in a greenhouse. Potted growth-promotion
experiments displayed that BV01 significantly increased the height, stem diameter, and aboveground
fresh and dry weights of wheat and pepper. The results imply that B. velezensis BV01, a broad-
spectrum biocontrol bacterium, is worth further investigation regarding its practical applications
in agriculture.

Keywords: Bacillus; antifungal activity; fungal phytopathogens; wheat root rot; Fusarium wilt;
greenhouse pot experiment

1. Introduction

Crop diseases caused by phytopathogens have resulted in a decrease in agricultural
yields and quality, leading to significant economic losses [1]. In particular, soil-borne
fungal infections of important crops such as wheat, corn, rice, and pepper cause large
economic losses [2]. The United Nations 2030 Sustainable Development Goals suggested
that the world should ensure sustainable consumption and production patterns, promote
sustainable agriculture, and reduce environmental pollution [3]. For a long time, synthetic
chemical pesticides were commonly used in traditional agriculture to combat plant dis-
eases, but they often caused environmental pollution and residual toxic effects in animals
and humans [4]. Thus, discovery of eco-friendly, long-lasting, and effective methods are
required for disease prevention and management in agriculture. The use of microbial and
biochemical agents has been explored as a practical alternative approach [5].

The plant-growth-promoting rhizobacteria (PGPRs) are often used for the production
of bioactive substances that can protect plants by suppressing pathogens, inducing sys-
temic resistance, or improving resistance to environmental stresses, by facilitating nutrient
acquisition and modulating phytohormone levels in plants [6,7]. In recent years, Bacillus
subtilis and its closest relatives B. amyloliquefaciens, B. velezensis, B. cereus, and B. licheni-
formis have been widely used as biofertilizers and biofungicides [8,9]. Bacillus velezensis
FZB42, the classical PGPR strain, was successfully used as a biocontrol agent in potato,
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strawberry, wheat, and cabbage [10–14]. The most prevalent plant fungal diseases, such
as grey mold, Fusarium head blight, anthracnose, and root rot, etc., are mainly caused by
species of Botrytis, Fusarium, Colletotrichum, and Rhizoctonia [15]. This can be attributed to
their broad host range, genetic diversity, rapid adaptation to plant disease resistance, and
production of toxins [16]. Previous studies have shown that B. velezensis is a promising
agent for control of Rhizoctonia solani [17], Gaeumannomyces graminis var. tritici [18], Fusarium
oxysporum f. sp. niveum [19], Botrytis cinerea, Colletotrichum gloeosporioides, and Phytophthora
infestans [20], and it has attracted widespread attention in agricultural disease research.
Nevertheless, studies on its biocontrol mechanism, screening of excellent strains, analyses
of transcriptomics, proteomics, metabolomics, and research on industrial and commercial
applications of B. velezensis are needed [21].

In this study, we aimed to assess the potential of a newly isolated bacterial strain, B.
velezensis BV01, as a broad-spectrum biocontrol agent and investigate its capacity to control
plant diseases and promote wheat and pepper development. The findings are of great
significance for reducing the use of chemical fungicides to control soil-borne fungal diseases,
thereby improving the ecological environment, and for providing technical support for
food safety and sustainable development.

2. Materials and Methods
2.1. Tested Strains

Information on the 12 bacterial and fungal strains used is listed in Table 1. Bacillus
velezensis BV01 was isolated from a contaminated potato dextrose agar (PDA) plate in the
laboratory. Bacillus velezensis JDF and B. subtilis L01 and BS208 were isolated from three
commercially available bacterial agents NongBaoShengWu®, LvLong®, and GuanLan®,
respectively, and the eight fungal plant pathogen strains were provided by colleagues
from Beijing Academy Agriculture and Forestry Sciences, China Academy Agricultural
Sciences, Guangxi Academy Agricultural Sciences, Nanjing Agricultural University, and
our institute (Table 1). All strains were deposited in the China General Microbiological
Culture Collection Center (CGMCC) and the State Key Laboratory of Mycology, Institute
of Microbiology, Chinese Academy of Sciences.

Table 1. The bacterial and fungal strains tested in this study.

Strain Characteristics Relevant to This Work Source

Bacillus velezensis CGMCC
1.60184

Isolated from the State Key Laboratory of
Mycology, Institute of Microbiology, Chinese
Academy of Sciences (116.38982◦ E,
40.01076◦ N) on 6 November 2019

This work

B. velezensis JDF
Registration of broad-spectrum antagonism,
stress resistance and growth-promoting
ability, used as a positive control

Isolated from NongBaoShengWu® bacterial agent

B. subtilis L01
Registration of antimicrobial activity and
strong stress resistance, used as a positive
control

Isolated from LvLong® bacterial agent

B. subtilis BS208
Registration of prevention and control of
gray mold and powdery mildew, used as a
positive control

Isolated from GuanLan® bacterial agent

Bipolaris sorokiniana PP12 Causes wheat root rot Provided by Prof. Niu Yongchun of Chinese
Academy of Agricultural Sciences

Botrytis cinerea PP1 Causes tomato gray mold Provided by Prof. Qiu Jiyan of Beijing Academy of
Agricultural SciencesColletotrichum capsici PP6 Causes ring rot disease

Fusarium graminearum PP15 Causes Fusarium head blight Provided by Prof. Ma Zhengqiang of Nanjing
Agricultural University
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Table 1. Cont.

Strain Characteristics Relevant to This Work Source

F. oxysporum F6 Causes blight disease Provided by Prof. Li Qili of Guangxi Academy of
Agricultural Sciences

Neocosmospora rubicola PP23 Causes root and stem rot Provided by Dr. Fu Shenzhan of Institute of
Microbiology, Chinese Academy of Sciences

Rhizoctonia solani PP11 Causes wilt disease Provided by Prof. Niu Yongchun of Chinese Academy of
Agricultural SciencesVerticillium dahliae PP8 Causes greensickness

2.2. Evaluation of Antagonistic Abilities In Vitro

All bacterial strains were tested for their antagonistic abilities against eight phy-
topathogens in dual-culture assays [18]. The bacterial strains were grown in nutrient broth
(NB: peptone 10.0 g, beef paste 3.0 g, NaCl 5.0 g, dH2O 1000 mL) at 28 ◦C for 2 d, and
the cell suspension was adjusted to 5 × 108 CFU/mL. The fungal strains were grown on
PDA at 25 ◦C for 5 d. Mycelial plugs (5 mm in diam.) were placed in the center of each
new PDA plate (90 mm in diam.); then, four sterile filter papers (5 mm in diam.), which
contained 6 µL of a bacterial suspension, were placed evenly around individual mycelial
plugs. Sterile water was used as the control. All plates were incubated at 25 ◦C for 5 d. Each
treatment had three replicates. Measurements were calculated with the following formula:
y = (A − B)/A × 100% (y: percentage of inhibition, A: colony diameter of pathogen on
control plate, and B: colony diameter of pathogen in experimental group) [22].

2.3. Assessment of Antifungal Activity of Bacterial Sterile Filtrate

The antifungal activity of bacterial sterile filtrate was evaluated by measuring the
diameter of the fungal colony [23]. Four bacterial strains were incubated in NB with
shaking at 180 rpm at 28 ◦C for 2 d, and then the cultures were centrifuged at 8000 rpm at
4 ◦C for 20 min to collect the supernatant. The supernatant was filtered through a 0.22 µm
filter and then mixed into molten PDA at 45–50 ◦C with a concentration of 20% (v/v).
The mycelium plug (5 mm in diam.) of each pathogen was placed at the center of each
PDA plate with bacterial filtrate and incubated for 5 d at 25 ◦C. The PDA plate without
bacterial filtrate was used as the control. Three replicates were set up for each treatment.
The inhibition percentage (y%) was calculated with the following formula: y = (A − C)/A
× 100% (A: growth radius of pathogen in control and C: growth radius of pathogen in
different treatments).

2.4. Morphological Observation and Molecular Identification of Strain BV01

The morphological characteristics of strain BV01 were recorded after incubation on a
nutrient agar (NA: peptone 10.0 g, beef paste 3.0 g, NaCl 5.0 g, agar 18.0 g, dH2O 1000 mL)
plate at 28 ◦C for 2 d. A single colony was then taken and evenly spread onto a glass
slide, dry fixed, and Gram stained for 1 min [24]. The microscopic photographs were taken
with a Zeiss AxioCam MRc 5 digital camera (Carl Zeiss, Jena, Germany) attached to Zeiss
Axioskop 2 plus microscope (Carl Zeiss, Göttingen, Germany).

Genomic DNA was extracted from fresh cultures using a bacterial genomic DNA kit
(ZOMAN, Beijing, China) according to the manufacturer’s instructions. The 16S rRNA
and the gyrase subunit A protein (gyrA) regions were amplified using the primer pairs
of 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-
3′) and gyrA-F (5′-CAGTCAGGAAATGCGTACGTCTT-3′) and gyrA-R (5′-CAAGGTAAT
GCTCCAGGCATTGCT-3′), respectively. PCR reactions were conducted using an ABI
2720 Thermal Cycler (Applied Biosciences, Foster City, CA, USA), and the products were
then sequenced using an ABI3730XL DNA Sequencer (Applied Biosciences, Foster City,
CA, USA). The newly obtained sequences and those of the ex-type strain as well as the
related ones retrieved from GenBank were aligned using BioEdit 7.2 [25] and analyzed with
the neighbor-joining (NJ) method [26] via MEGA X [27]. The topological confidence of the
resulting tree and the statistical supports of the branches were tested using the neighbor-
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joining bootstrap proportion (NJBP) with 1000 replications, each with 10 replicates of
random addition of taxa [28].

2.5. Determination of Enzyme Activity and Secondary Metabolites

Protease, cellulase, and β-1,3-glucanase were detected on skim milk, carboxymethyl
cellulose (CMC), and glucose agar, respectively [29]. Siderophore and indole-3-acetic acid
(IAA) were tested using modified chrome azurol S and Salkowski reagent agar, respec-
tively [30]. Enzyme activity and production of metabolites were observed based on the
presence of clear zones around bacterial colonies after incubation at 28 ◦C for 3 d. All
treatments were repeated three times.

2.6. Biocontrol Activity of Strain BV01 In Vivo

After evaluation of the antagonistic abilities of the four bacterial strains, two strains,
namely, JDF and BV01, were further tested for their biocontrol and plant-growth-promotion
abilities in a pot experiment. Four germinated wheat seeds were sowed per pot containing
a mixture of podsolic soil and vermiculite (v:v = 1:1). On the 14th day, the roots of the plants
were punctured and inoculated nearby the wounds with pathogen mycelium blocks (5 mm
in diam.). After 24 h, the roots were irrigated with 30 mL (2.5 × 108 CFU/mL) of bacterial
suspensions per wheat plant, and the same amount of NB was used as the control. The
plants were kept in a greenhouse with a 14 h/10 h photoperiod/dark period at 26 ± 1 ◦C.
The incidence of disease of wheat treated with BV01, JDF, and the non-treated control was
recorded and calculated at 20 d after B. sorokiniana inoculation. Infection types (ITs) of B.
sorokiniana on wheat were evaluated based on the area of a brown or black lesion at the
stem base, with scores varying from 0 to 4 (IT0: no lesion, IT1: coverage of necrotic lesion
less than 1/4, IT2: lesion coverage between 1/4 and 1/2, IT3: coverage between 1/2 and
2/3, and IT4: coverage between 2/3 and total). The disease index = ∑ (di × li) / (L × dimax)
× 100% (di: infection type, li: number of plants with each infection type, and L: number of
wheat plants investigated) [31].

Three true leaves at the age of 40 d were detached from pepper seedlings and punc-
tured in two places with a sterile needle on both sides of the leaf. Mycelium blocks (5 mm
in diam.) of F. graminearum were placed on the two wounds and then sprayed with 2 mL of
either BV01 or JDF fermentation broth at a concentration of 2.5 × 108 CFU/mL, and the
same volume of NB was used as the non-inoculated control at 24 h after F. graminearum
inoculation. The treatments were kept in a greenhouse at 26 ± 1 ◦C with a 14 h/10 h
photoperiod/dark period for 6 d; sterile water was added once to keep the treatment
moist. There were 3 leaves in each pot and 3 replicates in each treatment. The diameters of
diseased spots were recorded and calculated at the 6th day after F. graminearum inoculation.
The inhibition rate was calculated as follows: (DCK − Di)/DCK × 100% (DCK: the control
group’s average colony diameter and Di: the treatment group’s average colony diameter).

2.7. Plant-Growth-Promoting Assays in a Greenhouse

Sterilized wheat and pepper seeds were soaked in suspensions of BV01 or JDF at a
concentration of 2.5 × 108 CFU/mL and then in sterile water for 10 min. NB was used
as the control. The plants were kept in a greenhouse with a 14 h/10 h photoperiod/dark
period at 26 ± 1 ◦C. The wheat and peppers were harvested at the 21st and 35th days,
respectively. Plant height, fresh weight, dry weight, and leaf width were recorded, and the
strong seedling index (SSI) was calculated [32].

2.8. Statistical Analysis

Statistical analysis was performed using SPSS 21 (Armonk, NY, USA). ANOVA was
performed, and mean values were compared using Duncan’s multiple range test with
p < 0.05 as the level of significance. All analyses were conducted using GraphPad Prism
8 (San Diego, CA, USA).
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3. Results
3.1. Inhibitory Effects of Four Tested Bacterial Strains against Eight Fungal Phytopathogens

Strain BV01 exhibited varying degrees of antagonism against different phytopathogens,
and the inhibition rates ranged from 57% to 83% (Table 2) with the highest potential
inhibitory effects against B. cinerea PP1 (Figure 1, Treatment 1). The inhibition rates showed
that BV01 had significantly higher inhibitory effects than JDF, L01, and BS208 on six of the
eight tested fungal phytopathogens.

Table 2. Antifungal activities of four bacterial strains.

Strains
Dual-Culture Inhibition Rate (%) Fermentation Broth Inhibition Rate (%)

CGMCC
1.60184 JDF L01 BS208 CGMCC

1.60184 JDF L01 BS208

B. sorokiniana PP12 80.68 ± 1.23 a 79.55 ± 0.93 a 77.27 ± 1.05 b 27.27 ± 2.47 c 92.26 ± 0.68 a 76.77 ± 0.23 b 70.32 ± 1.03 c 8.39 ± 1.89 d

B. cinerea PP1 82.95 ± 1.23 b 85.23 ± 2.23 a 85.23 ± 2.14 a 0.00 ± 0.83 c 81.82 ± 0.82 a 64.77 ± 1.00 c 71.59 ± 0.58 b 2.27 ± 1.44 d

C. capsici PP6 79.55 ± 0.64 a 75.00 ± 1.25 b 77.27 ± 1.07 b 26.14 ± 1.68 c 72.73 ± 0.75 a 71.59 ± 0.86 a 72.73 ± 0.42 a 4.55 ± 1.45 b

F. graminearum PP15 61.36 ± 1.09 b 65.91 ± 0.49 a 62.50 ± 0.62 b 0.00 ± 0.62 c 59.09 ± 1.66 a 43.18 ± 0.52 c 47.53 ± 0.66 b 13.64 ± 0.97 d

F. oxysporum F6 65.91 ± 0.66 a 62.50 ± 1.03 b 52.27 ± 0.71 c 32.95 ± 1.27 d 56.79 ± 1.23 a 13.58 ± 1.06 b 12.04 ± 0.69 b 8.95 ± 0.46 c

N. rubicola PP23 56.52 ± 1.02 a 50.72 ± 0.93 b 50.72 ± 1.23 b 42.03 ± 1.24 c 36.13 ± 1.19 a 12.18 ± 0.99 b 12.18 ± 0.52 b 4.19 ± 0.74 c

R. solani PP11 69.32 ± 0.71 a 54.55 ± 0.86 b 53.41 ± 1.23 b 0.00 ± 1.7 c 46.59 ± 1.23 a 0.00 ± 1.08 c 0.00 ± 1.21 c 5.68 ± 0.56 b

V. dahliae PP8 70.15 ± 1.18 a 58.21 ± 0.73 b 55.22 ± 1.35 c 32.84 ± 0.88 d 71.72 ± 1.18 a 59.07 ± 0.73 b 61.03 ± 1.35 b 33.95 ± 0.88 c

The inhibition rates (%) (n = 3, mean ± SE). Different letters indicate significantly different groups (p < 0.05,
ANOVA, Tukey HSD).
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2: pathogen on PDA amended with fermentation broth of BV01 at 25 °C for 5 d. 

Antifungal assay by fermentation broth test showed that BV01 had relatively high 
inhibitory effects against different pathogens (Table 2), and the highest inhibitory rate 
reached 92% (against B. sorokiniana PP12) (Figure 1, Treatment 2). Overall, the effects of 
BV01 were better than those of JDF and L01 and were significantly superior to those of 
BS208. 

3.2. Identification of Strain BV01 
The colony of BV01 was ivory white and non-transparent with a rough surface on 

NA medium (Figure 2A–C). The cells were Gram-positive (Figure 2D), rod-shaped, 1.43–
2.53 µm long, 0.66–0.88 µm wide, and occurred singly, in pairs, or occasionally in short 

Figure 1. Inhibitory effects of BV01 against fungal phytopathogens. CK: only pathogen on PDA at
25 ◦C for 5 d; Treatment 1: dual culture of BV01 against pathogen on PDA at 25 ◦C for 5 d; Treatment
2: pathogen on PDA amended with fermentation broth of BV01 at 25 ◦C for 5 d.

Antifungal assay by fermentation broth test showed that BV01 had relatively high
inhibitory effects against different pathogens (Table 2), and the highest inhibitory rate
reached 92% (against B. sorokiniana PP12) (Figure 1, Treatment 2). Overall, the effects
of BV01 were better than those of JDF and L01 and were significantly superior to those
of BS208.

3.2. Identification of Strain BV01

The colony of BV01 was ivory white and non-transparent with a rough surface
on NA medium (Figure 2A–C). The cells were Gram-positive (Figure 2D), rod-shaped,
1.43–2.53 µm long, 0.66–0.88 µm wide, and occurred singly, in pairs, or occasionally in short
chains. The analysis of 16S rRNA sequences showed that strain BV01 shared 99% identity
with the type strain of B. velezensis (CR502) according to a BLAST search. The resulting NJ
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trees based on sequences of 16S rRNA and gyrA (Figure 3) showed that BV01 clustered
with Bacillus species and grouped with the type strain of B. velezensis, which confirmed its
taxonomic position.
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3.3. Detection of Antagonism-Related Lytic Enzymes

Clear zones detected around the colony of BV01 indicated that the strain produced pro-
tease, cellulase, and β-1,3-glucanase (Figure 4A–C) as well as siderophore (Figure 4D) and
IAA (Figure 4E), which suggested its high potential in biological control. The production of
IAA reached 12.17 mg/mL after incubation for 6 d.
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Figure 4. Detection of extracellular enzyme production and growth-promotion traits of BV01.
(A) protease; (B) cellulase; (C) β-1,3-glucanase; (D) siderophore; (E) indole-3-acetic acid (IAA); Gp1:
BV01 suspension, CK1: 10 mg/mL IAA, CK2: sterilize distilled water, CK3: NB.

3.4. Biocontrol Effects of Bacterial Strains BV01 and JDF on Wheat Root Rot

Lesions at the stem bases of wheat were obviously brown in the non-treated control,
while those treated with BV01 and JDF were very slightly infected (Figure 5A). The disease
indices of CK, BV01, and JDF were 76.4, 40.8, and 53.6, respectively (Figure 5B). In the BV01
treatment, infection with wheat root rot was significantly (p < 0.05) reduced, the relative
control efficacy was 47% (Figure 5C), and the fresh and dry weights (Figure 5D) and plant
height (Figure 5E) were increased by 24%, 91%, and 34%, respectively.

3.5. Biocontrol Effect of Strain BV01 on Fusarium Wilt

The symptoms on pepper leaves of the control were severe, on those treated with
JDF were moderate, and on those treated with BV01 were weak (Figure 6A). The average
diameter of a spot was 2.31, 0.99, and 1.76 cm in the CK, BV01, and JDF treatments
(Figure 6B). The control effect reached 57% and 24% for the treatments with BV01 and JDF,
respectively (Figure 6C).
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(A) Symptoms of B. sorokiniana on wheat roots with different treatments; (B) disease index of B.
sorokiniana in the treatments with BV01 and JDF; (C) inhibition rates of BV01 and JDF; (D) fresh
and dry weights of wheat; (E) shoot biomass (cm) measured by plant height of wheat. The results
were observed after 40 d of incubation. Values are the means± SEs, n = 27 plants, ** p < 0.001, and
* p < 0.05.
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(A) Symptoms of F. graminearum on leaves with different treatments; (B) spot diameter after treatment
with BV01 or JDF; (C) inhibition rates of BV01 and JDF. Values are the means± SEs, n = 9 leaves,
** p < 0.001, and * p < 0.05.
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3.6. Growth-Promotion Effects of Strain BV01 on Wheat and Pepper

Wheat treated with BV01 exhibited an increase in height of 13% (Figure 7A), while the
fresh weight and dry weight were improved by 10% and 5% (Figure 7B). Pepper treated
with BV01 exhibited increases in the fresh weight, leaf width, and stem thickness of 20%,
9%, and 9%, respectively. The dry weight and plant height were improved by 12% and 2%
(Figure 7C,D). The SSI for treatment with BV01 and JDF increased by 19% and 10%. These
findings suggest that strain BV01 was more effective in promoting plant growth than JDF.
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4. Discussion

For a long time, Bacillus amyloliquefaciens and B. subtilis were known to have biocontrol
functions against various plant pathogens [33]. Recently, B. velezensis was reported as
a biocontrol agent against many phytopathogens. For example, B. velezensis strain F21
can control Fusarium wilt on watermelon [19], and strain BR-01 has strong antagonistic
effects on rice pathogens [34], while strain CE100 increases fruit yield of strawberries by
controlling fungal diseases [35]. The star strain FZB42 was initially established in 1998,
and successive studies on its antimicrobial substances, interactions between plants and
bacteria, regulatory small RNAs, and biocontrol enzymes have been carried out [33]. In
previous studies, antagonistic strains of B. velezensis were often isolated from water, soil, air,
plant roots, plant surfaces, and animal intestines [7]. In the present study, strain BV01 was
derived from a PDA plate in the laboratory and speculated to be an air source strain. Based
on morphological characteristics and phylogenetic evidence, strain BV01 was identified
as B. velezensis; further exploration of its biological control potential was then performed.
Its dual-culture inhibition rates against different pathogens were greater than 56%, and
the fermentation broth inhibition rates were reduced by more than 36% when compared
to the control. The results indicate that BV01 produces a special antibacterial substance.
Some lipopeptide extract components of B. amyloliquefaciens have been demonstrated as key
substances in controlling the growth of Xanthomonas citri subsp. citri [36]. Zhou et al. [34]
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proved that the relative inhibition rate of B. velezensis BR-01 against F. fujikuroi was 57%,
while the strain showed no antagonistic ability against R. solani. The results of the current
study revealed that strain BV01 possessed very strong antagonistic activity and broad-
spectrum biological ability against B. cinerea, F. oxysporum, C. capsici, V. dahliae, R. solani, B.
sorokiniana, F. graminearum, and N. rubicola.

Many Bacillus species produce a variety of hydrolytic enzymes, such as cellulase, β-1,3-
glucanase, and protease, which are responsible for the degradation of diverse components
of fungal pathogens [35,37]. The detection of cellulase, protease, and β-1,3-glucanase
in BV01 supports its association with the growth suppression of several fungal phy-
topathogens. Our results also revealed that strain BV01 effective in vitro against fungal
pathogens was also able to produce siderophores, which are related to indirect antag-
onistic processes such as plant defenses and growth promotion [30]. Moreover, some
members of Bacillus invade the rhizosphere of plants and promote plant growth by pro-
ducing plant hormones, such as IAA, cytokinins, and gibberellins, and chelating minerals
and siderophores. Many plant-growth-promoting bacteria produce IAA, which promotes
the development of plant roots, and are usually utilized as bioinoculants [38–45]. In a
previous study, B. velezensis BY6 was reported to significantly increase the dry and fresh
mass and plant height of Pdpap poplar seedlings [46]. In the present study, B. velezensis
BV01 produced IAA during its growth. Moreover, our pot experiment results revealed
that pepper and wheat treated with strain BV01 possessed higher fresh weight, dry weight,
plant height, leaf width, stem thickness, and SSI than controls. Both the antifungal activity
assay and greenhouse pot experiment indicated that the strain BV01 has biocontrol and
plant-growth-promotion potential.

Wheat and pepper are two of the most commonly grown crops and vegetables in
the world. Several pathogens cause severe diseases of them and thus reduce significantly
their yields. For example, wheat root rot caused by B. sorokiniana, Fusarium spp., and other
pathogens alone or in combination generally can lead to wheat yield reductions of 20%–
30%, with severe cases of more than 50% [47,48]. Previous studies revealed that B. subtilis
and B. amyloliquefaciens can prevent and control wheat root rot [47]. However, there are
few studies on the effects of B. velezensis on wheat root rot caused by B. sorokiniana. Bacillus
velezensis strains CC09 and NEAU-242-2 could be used as potential biocontrol agents to
control wheat disease [49,50]. In this study, B. velezensis strain BV01 was able to effectively
control wheat root rot caused by B. sorokiniana in a greenhouse, with a control rate of 47%.
The occurrence of pepper wilt is increasing currently and seriously affects the quality of
pepper. For example, the incidence of pepper wilt disease in China is generally 15%–30%,
with severe cases decreasing quality by 70%–80% [51]. The main pathogen, Fusarium
graminearum, is a highly destructive phytopathogen, not only lowering crop yields but also
producing mycotoxins and affecting crop quality. Previous studies have confirmed that B.
velezensis could control pepper root rot [52], wheat spikes [53], corn stalk rot [54], and corn
head blight [55]. To our knowledge, the present study is the first report that B. velezensis can
serve as a potential biocontrol agent for controlling pepper wilt induced by F. graminearum.
Bacillus velezensis BV01 not only promotes the growth of wheat and pepper seedlings but
also significantly controls wheat root rot and pepper wilt. In summary, Bacillus velezensis
BV01 has good control effects in both dual-culture and fermentation broth tests against
B. sorokiniana and F. graminearum, and it obviously reduced the disease symptoms and
promoted the growth of wheat and pepper.

5. Conclusions

Bacillus velezensis BV01 showed protease, cellulase, and β-1,3-glucanase activities,
which are related to phytopathogen cell wall degradation, and produced growth-promotion
substances such as IAA and siderophore. This strain also suppressed the growth of eight
phytopathogens both in dual-culture and sterile filtrate assays and significantly reduced
the disease incidence of wheat root rot and Fusarium wilt in greenhouse settings. More-
over, it significantly promoted wheat and pepper growth. In conclusion, BV01 exhibits
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broad and effective antagonistic activity against several phytopathogens, promotes plant
growth, and is worthy of further exploration of its biocontrol applications in eco-friendly
agriculture practices.
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Abstract: Seventeen bacterial strains able to suppress plant pathogens have been isolated from healthy
Vietnamese crop plants and taxonomically assigned as members of the Bacillus cereus group. In order
to prove their potential as biocontrol agents, we perform a comprehensive analysis that included the
whole-genome sequencing of selected strains and the mining for genes and gene clusters involved
in the synthesis of endo- and exotoxins and secondary metabolites, such as antimicrobial peptides
(AMPs). Kurstakin, thumolycin, and other AMPs were detected and characterized by different mass
spectrometric methods, such as MALDI-TOF-MS and LIFT-MALDI-TOF/TOF fragment analysis.
Based on their whole-genome sequences, the plant-associated isolates were assigned to the following
species and subspecies: B. cereus subsp. cereus (6), B. cereus subsp. bombysepticus (5), Bacillus tropicus
(2), and Bacillus pacificus. These three isolates represent novel genomospecies. Genes encoding
entomopathogenic crystal and vegetative proteins were detected in B. cereus subsp. bombysepticus
TK1. The in vitro assays revealed that many plant-associated isolates enhanced plant growth and
suppressed plant pathogens. Our findings indicate that the plant-associated representatives of the
B. cereus group are a rich source of putative antimicrobial compounds with potential in sustainable
agriculture. However, the presence of virulence genes might restrict their application as biologicals
in agriculture.

Keywords: Bacillus cereus; phylogenomics; DNA–DNA hybridization (ddH); biocontrol; plant growth
promotion (PGP); biosynthesis gene cluster (BGC); kurstakin; thumolycin

1. Introduction

At present, the replacement of harmful chemical pesticides by environmentally
friendly biological means is a pressing need in agriculture worldwide. Microbes, such as
bacteria and fungi, have been proven to be promising candidates for the development of
efficient agents useful in sustainable agriculture. At present, endospore-forming Bacillus
spp. and Gram-negative Pseudomonas spp. are the most used constituents of bioformu-
lations applied in biological plant protection. The main advantage of bioformulations

Microorganisms 2023, 11, 2677. https://doi.org/10.3390/microorganisms11112677 https://www.mdpi.com/journal/microorganisms
125



Microorganisms 2023, 11, 2677

based on Bacillus endospores is their longevity, which makes their stability comparable
with that of chemical fungicides [1].

During a survey of plant-beneficial bacteria as part of the microbiome of different
plant-associated sites, such as the rhizosphere, the tissues of the inner root, and the attached
insect larvae of Vietnamese crop plants (black pepper, coffee and orange trees, brown
mustard, and tomato), a number of Gram-positive, endospore-forming bacteria, able to
suppress common plant pathogens, were isolated. Based on their draft genome sequences,
the isolates were taxonomically assigned as being members of the Bacillaceae family, rep-
resenting four main taxonomic groups: Lysinibacillus spp., Brevibacillus spp., the Bacillus
subtilis species complex, and the Bacillus cereus group [2]. Our further studies revealed
that, in contrast to Lysinibacillus sp., the plant-associated Brevibacilli harbored a multitude
of interesting antimicrobial peptides with a strong potential to suppress phytopathogenic
bacteria, fungi, and nematodes [3]. The Bacillus velezensis isolates TL7 and S1, members
of the B. subtilis species complex, were identified in large-scale trials as the most promis-
ing candidates for developing efficient biocontrol agents [4]. In this study, we focus on
the plant-associated isolates belonging to the B. cereus group in order to investigate their
potential for biocontrol and plant growth promotion.

The B. cereus group, also known as B. cereus sensu lato (s.l.), comprises a steadily increas-
ing number of species, but is still plagued by taxonomic inconsistencies. Several phenotypic
traits important for taxonomic assignment, such as the synthesis of the anthrax toxin and
capsule, entomopathogenic crystal proteins, and the synthesis of emetic toxins (cereulide),
are plasmid-encoded and can be lost during strain evolution [5]. Well-known members
of the B. cereus group are the human-pathogenic B. anthracis, the entomopathogenic B.
thuringiensis, and the opportunistic pathogen B. cereus sensu stricto (s.s.). The three species
are able to cause human diseases with different severity [6]. They are closely related and
harbor very similar genome sequences, which do not necessarily justify their delineation
in different species. Traditionally, they have been discriminated due to properties mainly
encoded by extrachromosomal elements.

B. anthracis (risk group 3) was identified in 1876 by the German physician Robert Koch
as the causative agent of anthrax [7], the first disease that was linked to a microbe. Its
virulence is based on the ability to form exotoxins and a capsule, which are encoded by the
plasmids pXO1 and pXO2 [8].

The plasmid-encoded production of the highly toxic cereulide is restricted to rare
emetic B. cereus strains occurring in some foods, whilst the production of the diarrheal-
inducing enterotoxins (hemolysin BL, HBL; non-hemolytic enterotoxin, NHE; and cytotoxin
K, CytK) is common in B. cereus s.l. [9]. Due to the extreme stability of the cyclic dodecadep-
sipeptide celeuride, which withstands current food processing techniques, their emetic B.
cereus producer strains are of particular concern for human health [9].

B. thuringiensis (Bt), isolated 1901 by Ishikawa as “B. sotto” from the silkworm, and
some years later as B. thuringiensis by Berliner from the meal moth [10], is an insect pathogen
that is successfully used in agriculture as a biopesticide based on the production of diverse
crystal toxins, also known as δ-endotoxins [11].

However, the B. cereus taxonomy solely based on the presence of virulence plasmids
with a specific function becomes increasingly questionable in light of the recent phyloge-
nomic data. The occurrence of B. cereus strains containing pXO1-like plasmids [12] and
of crystal protein-harboring B. thuringiensis strains, which are phylogenetically related to
B. anthracis [13], make the identification of these species a difficult task. Moreover, the
occurrence of virulence genes in the B. cereus s.l. species cannot be excluded. Therefore, B.
cereus s.l. strains with potential for use in sustainable agriculture can be a risk for public
health and need to be carefully checked for their genomic content, also in the case of their
taxonomic delineation suggests them as a “safe” species.

In this study, we aim to elucidate the potential of plant-associated members of the B.
cereus species complex as biological plant protection. In the utilization of these strains as
biocontrol agents, their potential due to their rich biosynthetic potential, but also the risks
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connected with the presence of virulence genes, need to be considered. Genome-based phy-
logenetic analyses revealed that most of the isolates were clustered within two subspecies
of the B. cereus s.s. species. Interestingly, the isolate B. cereus TK1 harbored genes encoding
two different crystal proteins and one vegetative insectopathogenic toxin (Vip3). Genome
mining for biosynthetic gene clusters probably involved in the synthesis of antimicrobial
peptides (AMPs) and direct mass-spectrometric investigation of the synthesized AMPs
revealed that the isolates are promising candidates for use in sustainable agriculture. In this
context, the lipopeptides kurstakin and thumolycin seem to be of special importance. A
special highlight of our research is resolving the primary structure of the plasmid-encoded
thumolycin pentapeptide by LIFT-MALDI-TOF/TOF fragment analysis. The inhibiting
action of the B. cereus s.l. isolates against plant pathogens was corroborated in direct assays
performed with pathogenic oomycetes, fungi, and nematodes. Finally, the plant-growth-
promoting activity of some of the isolates is demonstrated. Regardless of these promising
results, we have to consider the risk for public health when the B. cereus s.l. isolates are
applied as biological means in agriculture.

2. Materials and Methods
2.1. Strain Isolation and Cultivation

Isolation from Vietnamese healthy crop plants, and insects attached on plant surfaces
(Table 1), and the purification of the strains were performed as described previously [2,4].
In order to exclude vegetative cells, the samples were heat-treated at 80 ◦C for 20 min. Only
isolates able to suppress fungal plant pathogens were selected for further characteriza-
tion [2]. The cultivation of the bacterial strains and DNA isolation have been previously
described [14]. The B. cereus group strains were cultivated on Cereus Ident agar and
Cereus-selective agar, as described in Section 2.4.

2.2. Reconstruction of the Complete Genomes

The genome sequences of Bacillus cereus A22, B. cereus A24, B. cereus HD1.4B, and
B. cereus HD2.4 were reconstructed using a combined approach of two sequencing tech-
nologies that generated short paired-end reads and long reads. The resulting sequences
were then used for hybrid assembly. Short-read sequencing has been previously de-
scribed [14]. Long-read sequencing was conducted in house with the Oxford Nanopore
MinION with the flowcell (R9.4.1), as described previously [3]. The quality of assem-
blies was assessed by determining the ratio of falsely trimmed proteins by using Ideel
(https://github.com/phiweger/ideel, accessed on 1 November 2021). The genome cover-
age of the obtained contigs was 50× in average. Genome annotation and visualization was
performed as described previously [3].

2.3. Screening of the Virulence Genes

The screening of virulence genes in whole-genome shotgun sequences (WGS) and
complete genomes was performed by using a combined analysis of the PATRIC annotation
system [15] and tblastN in the 17 genomes. The most characteristic genes from B. anthracis
Vollum, including four genes of the pXO1 plasmid (cya, lef, pagA, and repX) and six genes
of the pXO2 plasmid (capA, capB, capC, capD, capE, and repS), were used as the reference
sequences. The tblastN threshold for both similarity and coverage was >30%, and all
BLAST results were cross-checked against the PATRIC annotation, available at the Bacterial
and Viral Bioinformatics Resource Center, BV-BRC, https://www.bv-brc.org/, accessed on
1 November 2021.

The criteria for the presence of virulence plasmids were established as described by
Liu et al. [16]. Sequences representing the different types of δ-endotoxins (Supplementary
Table S1) were extracted from the NCBI data bank. Searches for the presence of genes
encoding crystal proteins and toxins in the 17 plant-associated B. cereus genome sequences
were performed with tblastN using the respective protein sequences as query.
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2.4. Genotypic and Phenotypic Characterization of the Isolate B. cereus CD3-1a

In addition to the B. anthracis virulence genes mentioned above, the genome of strain
B. cereus CD3-1a was also screened for presence of the four B. anthracis-specific prophage re-
gions (dhp) described by Radnedge et al. [17]. These in silico analyses were complemented
by real-time PCR assays targeting pagA, capB, rpoB, and dhp61.183. Colony morphology
was examined on Columbia blood agar, blood trimethoprim agar, Cereus Ident agar, and
Cereus-selective agar [18].

2.5. Taxonomical Phylogeny Assessment

Species and subspecies delineation were performed using the Type (Strain) Genome
Server (TYGS) platform [4]. Information on nomenclature was provided by the List of
Prokaryotic names with Standing in Nomenclature (LPSN), available at https://lpsn.
dsmz.de (accessed on 1 November 2021) [19]. The EDGAR3.0 pipeline [20] was used for
elucidating taxonomic relationships as described previously [4].

2.6. Genome Mining

The in silico prediction of gene clusters involved in secondary metabolite synthesis was
performed using the antiSMASH pipeline version 6 [21], the bioinformatic tool described
by Bachmann and Ravel [22], and BAGEL4 [23].

2.7. Sample Preparation and Mass-Spectrometric Detection of the Bioactive Peptides

The bioactive compounds of the investigated B. cereus s.l. strains were detected and
identified by MALDI-TOF MS, as outlined previously [24,25]. A Bruker Autoflex Speed
TOF/TOF mass spectrometer (Bruker Daltonics; Bremen, Germany) was used with Smart-
beam laser technology applying a 1 kHz frequency-triple Nd-YAG laser (λex = 355 nm).
Samples (2 µL) of the colony surface extracts and culture supernatants were mixed with
a 2 µL matrix solution (a saturated solution of α-hydroxy-cinnamic acid in 50% aqueous
ACN containing 0.1% TFA) spotted on the target, air-dried, and measured. Mass spectra
were obtained by positive-ion detection in the reflector mode. The monoisotopic masses
were observed. Parent ions were detected with a resolution of 10.000. The sequence analysis
of peptide products was performed by MALDI-LIFT-TOF/TOF mass spectrometry in the
laser induction decay (LID) mode [26]. The product ions in the LIFT-TOF/TOF fragment
spectra were obtained with a resolution of 1000.

2.8. Antifungal, Nematocidal, and Plant-Growth-Promoting Activity Assays

Assays for activity against plant pathogens (oomycetes, fungi, and nematodes) were
performed as previously described [4]. In brief, antifungal activities were assayed by
placing agar plugs containing the respective fungi onto potato dextrose agar (PDA). The
test bacteria were then streaked between the plugs, and the diameter of the fungal colonies
as indicative for direct growth inhibition was recorded daily.

The bioassays for nematocidal activity were performed with Caenorhabditis elegans N2
and Meloidogyne sp., as described previously [4]. In the slow killing test, the nematodes
were added to an agar-solidified growth medium containing the test bacteria and incubated
for a period from 3 to 5 days at 25 ◦C. In the liquid fast killing test, overnight cultures of
the test bacteria were transferred into 12-well plates containing the nematodes in a liquid
M9 medium. The mortality of nematodes was defined as the ratio of dead (non-motile)
nematodes to the total number of nematodes [4].

The root-knot nematode Meloidogyne sp. was isolated from the roots of infested pepper
plants, according to Hooper et al. [27]. Tomato plantlets were grown in pots with sterilized
alluvial Red River soil under subtropical climate conditions in the local greenhouse [4].
Test bacteria and second-stage juvenile (J2) nematodes were added to the pots two weeks
after transplanting. Ten weeks after infesting with the nematodes, the number of knots in
tomato plants was estimated [28].
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Plant growth promotion assays were performed with Arabidopsis thaliana seedlings,
as described previously [29]. Seven-day-old seedlings were dipped into a spore sus-
pension of the test bacteria and transferred into a square Petri dish with a half-strength
Murashige–Skoog medium solidified with 1% agar. After three weeks of incubation at
22 ◦C and a daily photoperiod of 14 h, the fresh weight of the plants was measured.

2.9. Data Analysis

The data obtained from the biocontrol and plant growth promotion experiments
were analyzed using a one-factorial analysis of variance (ANOVA). The mean values were
calculated from the results of the replicates (n ≥ 3). The Fisher´s least significant difference
(LSD) test was conducted as a post hoc test for estimating significant differences (p≤ 0.05)
between the mean values as described previously [4].

2.10. Gene Bank Accession Numbers of the Complete Genome Sequences

Bacillus cereus A22 chromosome: CP085498.1, Bacillus cereus A22 plasmid P1: CP085499.1,
Bacillus cereus A22 plasmid P2: CP085500.1, Bacillus cereus A24 chromosome: CP085501.1,
Bacillus cereus A24 plasmid P1: CP085502.1, Bacillus cereus A24 plasmid P2: CP085503.1,
Bacillus cereus HD1.4B chromosome: CP0855510.1, Bacillus cereus HD1.4B plasmid P1:
CP085511.1, Bacillus cereus HD1.4B plasmid P2: CP085512.1, Bacillus cereus HD1.4B plasmid
P3: CP085513.1, Bacillus cereus HD2.4 chromosome: CP0855506.1, Bacillus cereus HD2.4
plasmid P1: CP085507.1, Bacillus cereus HD2.4 plasmid P2: CP085508.1, Bacillus cereus HD2.4
plasmid P3: CP085509.1.

3. Results and Discussion
3.1. Comparative Genome Analysis of the Isolates from Vietnamese Crop Plants Representing the
Bacillus cereus s.l. Complex
3.1.1. Genome-Based Species and Subspecies Delineation of the Plant-Associated Isolates
Belonging to the B. cereus Group

Seventeen of the endospore-forming bacterial strains, isolated from Vietnamese crop
plants and insects attached at their surface (Table 1), were previously assigned to the Bacillus
cereus s.l. group [2]. All isolates displayed the typical features of B. cereus: they developed
phospholipase C and hemolytic activity when cultivated on Cereus Ident and sheep blood
agar plates. The phylogenetic tree obtained from the 16S rRNA sequences supported their
previous taxonomic assignment as members of the B. cereus s.l. group, but possessed an
average branch support of only 28.5% (Supplementary Figure S1), which is not sufficient
for robust species delineation.

We used a whole-genome-based approach for the robust delineation of the taxonomic
position of the plant-associated B. cereus s.l. isolates. The phylogenomic tree containing a
total of 128 B. cereus s.l. genomes, mainly extracted from the NCBI data bank, yielded three
main branches (1–3). Branch 3 was subdivided into clusters 3A and 3B. All of our isolates
were distributed within the cluster 3B and were to be found related to the clusters formed
by the type strains of B. cereus, B. anthracis, B. tropicus, and B. pacificus (Figure 1A).
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Figure 1. (A) Approximately maximum likelihood phylogenetic tree for 128 Bacillus cereus group 
genomes, calculated by EDGAR3.0 using the FastTree software 
(http://www.microbesonline.org/fasttree/ (accessed on 1 November 2021)). The unrooted tree was 
built out of a core of 1054 genes per genome. The core has 280,349 AA residues/bp per genome and 
35,884,672 in total. Bacillus_A is a term used from GTDB (https://gtdb.ecogenomic.org (accessed on 
1 November 2021)) for the genomospecies belonging to the B. cereus group. The tree is divided into 
three main branches (1–3). Cluster 3 is further divided into the subclusters 3A and 3B. The 21 type 
strains are labelled in blue letters. The isolates investigated in this study are indicated by red letters 
and all belong to the subcluster 3B. Related subclusters containing the plant-associated Vietnamese 
isolates are marked by irregular-colored fields. The ANI values are documented in Supplementary 
Figure S3. (B) Bacillus cereus tree inferred with FastMe 2.01 [30] from GBDP distances calculated 
from whole-proteome data using the Type (Strain) Genome Server TYGS (https://tygs.dsmz.de 
(accessed on 1 November 2021)). Analysis was performed using both maximum likelihood and 
maximum parsimony, with 16 type strains (blue letters) and 17 genome sequences obtained from 
the Bacillus cereus strains isolated from Vietnamese crop plants (red letters). In addition, 16 strains 
with similar proteomes obtained from the NCBI data bank were included, yielding a total of 49 
proteomes. The branch lengths are scaled in terms of the GBDP distance formula d5. Putative novel 
genomospecies were indicated by red stars. The numbers above the branches are GBDP pseudo-
bootstrap support values > 60% from the replications, with an average branch support of 87.5%. The 
first two colored columns to the right of each name refer to the genome-based species and subspecies 
clusters, specified by dDDH cutoff values of 70% and 79%, respectively. (C) Functional KEGG 
category analysis of plant-associated B. cereus group isolates. The type strain B. cereus ATCC 14,579 
was included in the analysis. The number of genes associated with human diseases is indicated. A 
total of 125,216 KEGG functional categories (including non-annotated sequences) were found in the 
selected 18 contigs. 

Similar, but more detailed, results were obtained when using the Type (Strain) 
Genome server TYGS [31]. Our survey resulted in assigning six species and seven 
subspecies clusters (Figure 1B, Supplementary Figure S2). A total of 15 of the isolates were 
assigned to four valid species, B. cereus (11), Bacillus pacificus (1), Bacillus tropicus (2), and 
Bacillus anthracis (1). In the case of B. cereus, the dDDH values obtained after the 
comparison of 11 isolates with the type strain ATCC14579 exceeded the species cut off 
(>70%, Supplementary Table S2). At the genomic level, two subclusters were 
distinguished: six isolates, yielding dDDH values above the subspecies cutoff (>79%), 
represented the subspecies ‘A’ (B. cereus subsp. cereus), whilst five isolates showed dDDH 
values ranging from 72% to 74%, when compared with ATCC14579. The latter cluster 
formed a second subcluster ‘B’ together with B. cereus FORC087.1, which was clearly 
distinguished from subcluster ‘A’ (Supplementary Table S2). When the genomes of the 
members of the B. cereus subcluster ‘B’ were compared with the genome of Bacillus 
bombysepticus Wang [32], their dDDH values exceeded the subspecies cutoff (>79%, 

Figure 1. (A) Approximately maximum likelihood phylogenetic tree for 128 Bacillus cereus group
genomes, calculated by EDGAR3.0 using the FastTree software (http://www.microbesonline.org/
fasttree/ (accessed on 1 November 2021)). The unrooted tree was built out of a core of 1054 genes
per genome. The core has 280,349 AA residues/bp per genome and 35,884,672 in total. Bacillus_A
is a term used from GTDB (https://gtdb.ecogenomic.org (accessed on 1 November 2021)) for the
genomospecies belonging to the B. cereus group. The tree is divided into three main branches (1–3).
Cluster 3 is further divided into the subclusters 3A and 3B. The 21 type strains are labelled in blue
letters. The isolates investigated in this study are indicated by red letters and all belong to the
subcluster 3B. Related subclusters containing the plant-associated Vietnamese isolates are marked by
irregular-colored fields. The ANI values are documented in Supplementary Figure S3. (B) Bacillus
cereus tree inferred with FastMe 2.01 [30] from GBDP distances calculated from whole-proteome data
using the Type (Strain) Genome Server TYGS (https://tygs.dsmz.de (accessed on 1 November 2021)).
Analysis was performed using both maximum likelihood and maximum parsimony, with 16 type
strains (blue letters) and 17 genome sequences obtained from the Bacillus cereus strains isolated from
Vietnamese crop plants (red letters). In addition, 16 strains with similar proteomes obtained from
the NCBI data bank were included, yielding a total of 49 proteomes. The branch lengths are scaled
in terms of the GBDP distance formula d5. Putative novel genomospecies were indicated by red
stars. The numbers above the branches are GBDP pseudo-bootstrap support values > 60% from the
replications, with an average branch support of 87.5%. The first two colored columns to the right
of each name refer to the genome-based species and subspecies clusters, specified by dDDH cutoff
values of 70% and 79%, respectively. (C) Functional KEGG category analysis of plant-associated B.
cereus group isolates. The type strain B. cereus ATCC 14,579 was included in the analysis. The number
of genes associated with human diseases is indicated. A total of 125,216 KEGG functional categories
(including non-annotated sequences) were found in the selected 18 contigs.

Similar, but more detailed, results were obtained when using the Type (Strain) Genome
server TYGS [31]. Our survey resulted in assigning six species and seven subspecies clusters
(Figure 1B, Supplementary Figure S2). A total of 15 of the isolates were assigned to four
valid species, B. cereus (11), Bacillus pacificus (1), Bacillus tropicus (2), and Bacillus anthracis
(1). In the case of B. cereus, the dDDH values obtained after the comparison of 11 isolates
with the type strain ATCC14579 exceeded the species cut off (>70%, Supplementary Table
S2). At the genomic level, two subclusters were distinguished: six isolates, yielding dDDH
values above the subspecies cutoff (>79%), represented the subspecies ‘A’ (B. cereus subsp.
cereus), whilst five isolates showed dDDH values ranging from 72% to 74%, when compared
with ATCC14579. The latter cluster formed a second subcluster ‘B’ together with B. cereus
FORC087.1, which was clearly distinguished from subcluster ‘A’ (Supplementary Table
S2). When the genomes of the members of the B. cereus subcluster ‘B’ were compared
with the genome of Bacillus bombysepticus Wang [32], their dDDH values exceeded the
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subspecies cutoff (>79%, Supplementary Table S2). The direct comparison of FORC087 with
B. bombysepticus Wang yielded a dDDH value of 87.8%, suggesting their close relationship.
In the Genome Taxonomy Database, GTDB [33], the genomospecies Bacillus_A bombysepticus
harbored 667 members, whilst the B. cereus genomospecies represented by B. cereus ATCC
14,579 harbored only 310 genomes (GTDB release 08-RS214, 28th April 2023).

Although B. bombysepticus is still not listed as a valid species in the List of Prokaryotic
names with Standing in Nomenclature, LPSN [34], we propose to designate the B. cereus
subcluster ‘B’ as genomosubspecies B. cereus subsp. bombysepticus, taking into account that
the members of the ‘bombysepticus group’ shared dDDH values above the species cutoff
with B. cereus ATCC 14579.

The genomes of two other isolates, SN1 and CD3-2, were assigned, according to their
dDDH and Fast ANI values, to Bacillus tropicus. However, when compared with the B.
tropicus type strain N24, their dDDH and ANI values were below the subspecies cutoff,
indicating that these isolates form the subcluster ‘B’ together with B. cereus MOD1 Bc210,
distinct from the B. tropicus type strain (Figure 1B, Supplementary Table S2).

The isolate Bacillus sp. CD3-1a clustered together with the B. anthracis type strains.
However, this species delineation appeared to be questionable, since we did not detect
the B. anthracis virulence plasmids pXO1 and pXO2 in the draft genome of CD3-1a (see
next section).

Two isolates, Bacillus sp. CD3-5 and Bacillus sp. HD1.3, although distantly related to B.
tropicus and B. pacificus, could not be assigned to any species present in the TYGS database
(17 April 2023) and might represent novel genomospecies (Figure 1B).

3.1.2. Occurrence of Virulence Genes Might Restrict the Application of B. cereus s.l. Isolates

The functional KEGG analysis revealed the presence of genes possibly involved in
human disease in the genomes of all plant-associated B. cereus s.l. isolates (Figure 1C).

Within the B. cereus group, the occurrence of virulence factors, which are closely linked
to disease symptoms [35,36], and of entomopathogenic Cry toxins [37] have been reported.
In the past, these elements have been widely applied to the assignation of B. anthracis, B.
cereus, and B. thuringiensis.

Since the genome sequence of the isolate CD3-1a formed a cluster together with the
B. anthracis type strain ATCC 14,578 (Figure 1), we checked the CD3-1a draft genome for
the presence of sequences of the characteristic anthrax toxin plasmids pXO1 and pXO2.
No sequences similar to the genes encoding the Rep proteins RepX (pXO1) and RepS
(pXO2) were detected in CD3-1a. Moreover, no sequences exhibiting a significant similarity
with the anthrax genes of pXO1 (cya, pagA, and lef ) and pXO2 (capABCDE) were found in
CD3-1a and in the other plant-associated B. cereus s.l. isolates, excluding their taxonomic
delineation as representative of the human-pathogenic B. anthracis species (Supplementary
Table S3).

To distinguish “true” B. anthracis isolates from non-anthrax-causing representatives of
the B. cereus group, a tblastN search within the genome sequence of the dhp chromosomal
marker sequences, which indicate the presence of B. anthracis-specific prophages, was
proposed [17]. None of the B. anthracis-specific dhp fragments could be detected in the CD3-
1a genome. In addition, the real-time PCR amplification of the protective antigen pagA gene,
the capsule capB gene, and the dhp61.183 gene (one of the prophage regions) using CD3-1a
DNA was not achieved. A delayed amplification signal was observed for the B. anthracis-
specific rpoB gene, which is known for non-anthrax strains of the B. cereus group [17].
In contrast to B. anthracis, but similar to the other isolates, CD3-1a was hemolytic when
cultivated in Columbia blood agar or blood trimethoprim agar, and the genes encoding
the hemolysin BL (HBL) toxin were present on the chromosome (Supplementary Table S3).
The isolate also displayed phospholipase C and lecithinase activity, like the typical strains
of the B. cereus group.

Interestingly, the isolate B. pacificus SN4.1 harbored a pXO1-like repX gene, and the
isolate B. tropicus CD3.2 harbored a sequence resembling the pXO2-like repS gene in their
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draft genomes (Figure 2, Supplementary Table S3), suggesting that the rep genes character-
istic for the pOX plasmids can occur in other members of the B. cereus s.l. species complex.
This is in line with the previous findings of Liu et al. [16].
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virulence genes (HBL/NHE, cytK). The gene cluster for synthesizing celeuride (ces) was not detected
in any of the isolates. The 36 biosynthetic gene clusters (BGCs) encoding secondary metabolites in the
17 B. cereus s.l. isolates were identified by AntiSMASH6.0 and BAGEL4. The location of the BGC on
either the chromosome (C) or the plasmids (P1, P3) is indicated when available. Further information
is presented in Supplementary Tables S3–S8.

Next, we probed the B. cereus s.l. isolates for the presence of other virulence genes
involved in the production of toxins responsible for foodborne diseases in human beings.
Cereulide, the causative agent of the emetic syndrome [9], is known to be non-ribosomally
synthesized by giant peptide synthetases encoded by the ces gene cluster. None of our
isolates harbored this gene cluster (Figure 2), suggesting that the plant-associated isolates
did not represent emetic B. cereus strains.

By contrast, the HBL/NHE enterotoxin operons encoding the non-hemolytic entero-
toxin A (NHE) and the hemolysin component BL (HBL) [38] occurred in nearly all isolates,
with one exception. B. pacificus SN4.1 harbored the genes responsible for synthesis of NHE
enterotoxin, but not the genes for hemolysin synthesis (Supplementary Table S3). HBL
and NHE are the causative agents of the diarrheal syndrome in human beings, which
is caused by ingestion of vegetative cells and spores that produce enterotoxins in the
small intestine [39].

Due to these findings, we cannot exclude that the plant-associated B. cereus s.l. isolates
can cause the diarrheal syndrome in human beings. The application of plant-associated B.
cereus s.l. strains in crop protection agents represents a possible risk for public health and
should be considered with care.

3.1.3. Genes Encoding Insecticidal Proteins in B. cereus subsp. Bombysepticus TK1

Furthermore, we proved the occurrence of cry genes encoding entomocidal proteins (δ-
endotoxins). Sequences that completely matched the crystal proteins Cry1A1 and Cry2Ba1
were detected in B. cereus subsp. bombysepticus TK1. The gene encoding the cytolytic CytK
protein was detected in all B. cereus group isolates (Figure 2). The synthesis of δ-endotoxins
is considered as a typical feature of B. thuringiensis [40]. However, in line with our results,
Liu et al. [16] found that the ability to synthesize δ-endotoxins is widespread in different
members of the B. cereus species complex. Thus, the presence or absence of cry genes cannot
be considered to discriminate between the B. cereus and B. thuringiensis species.

In addition to Cry proteins, TK1 harbored a gene for the synthesis of the vegetative
insecticidal protein, Vip3. Vip proteins are referred as second-generation insecticidal
proteins. Vip3 proteins have insecticidal activity against Lepidopteran pests [41] and can
be used for the management of various detrimental pests.

3.1.4. Plasmid-Encoded Virulence Genes and Biosynthetic Gene Clusters in B. cereus
Isolates A22, A24, HD1.4B, and HD2.4

A first survey of the draft genome sequences for the presence of gene clusters encoding
lipopeptides revealed that B. cereus ssp. bombysepticus A22 and the B. cereus ssp. cereus
strains A24, HD1.4B, and HD2.4 harbored gene clusters similar to the thumolycin gene
cluster, previously detected in B. thuringiensi BMB171 [42]. This finding prompted us
to sequence completely the four strains using the nanopore sequencing technology (see
Materials and Methods). The complete genomes consisted of one single chromosomal
DNA molecule and extrachromosomal DNA elements, bearing the features of plasmid
DNA (Figure 3). The chromosomes of all four isolates contained more than 5000 kb. The
large P1 plasmids of A22 and A24 contained 480,744 bps and 471,669 bps, respectively.
The smaller P2 plasmid of A22 contained 93,778 bps. Small plasmids not exceeding 12 kb
were detected in A24 (P2), HD1.4B (P3), and HD2.4 (P3). The DNA elements found in
HD1.4B and HD2.4 were nearly identical, suggesting that both isolates represented clones
of the same strain. Both harbored one chromosome and three plasmids of nearly identical
size and gene content (Supplementary Table S4). The presence of plasmid-specific Rep
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proteins in all extrachromosomal elements was corroborated by using the SEED and the
RAST annotation system [43] (Supplementary Figure S4).

Figure 3. Cont.
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Figure 3. Circular plots of the Bacillus cereus A22 chromosome (A) and plasmid P1 (B) generated 
with Biocircos. The Venn diagrams below show the comparison of A22 with the chromosomes and Figure 3. Circular plots of the Bacillus cereus A22 chromosome (A) and plasmid P1 (B) generated

with Biocircos. The Venn diagrams below show the comparison of A22 with the chromosomes and
plasmid P1 of B. cereus A24 and HD1.4B. From outer to inner circle: Genes (CDS) on +(1)/− strand
(2); core genome, brown (3); GC content (1000 bp window) above the mean: black, below mean: grey
(4); GC skew ((G-C)/(G+C)) (1000 bp window), above mean: purple, below mean: light green (5). The
grey line within the inner circle shows deviations of the average GC content. The 30 kb thumolycin
gene cluster is part of the core genome in all four plasmid P1 species.
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Comparing B. cereus ssp. cereus A22 with the representatives of the B. cereus bomby-
septicus clade (B. bombysepticus Wang, FORC087, ATCC10876, A42, M2.1B, SN4.3, and
TK1) yielded 113 singletons, including two catalases, 5-methylcytosine-specific restric-
tion enzyme A, and other restriction enzymes. Comparing B. cereus ssp. bombysepticus
A24 with the representatives of the B. cereus cereus clade (ATCC14579, A22, HD1.4B,
HD2.4, A8, HB3.1, and A31) revealed 367 singletons, including proteins involved in con-
jugative transfer, the AlwI family type II restriction endonuclease, and urease subunits
and associated proteins.

The potential virulence factor phosphatidylinositol-specific phospholipase C (PI-PLC),
a characteristic marker of the B. cereus group [38], was encoded by the large P1 plasmids
of A22, A24, HD1.4B, and HD2.4. PI-PLCs catalyze the cleavage of the membrane lipid
phosphatidylinositol (PI), or its phosphorylated derivatives, to produce diacylglycerol
(DAG) and the water-soluble head group, phosphorylated myo-inositol [44].

The annotation of the chromosomal elements detected in A22, A24, HD1.4B, and
HD2.4 is summarized in Supplementary Table S4. Surprisingly, the plasmid P1 sequences
from HD1.4B and HD2.4 harbored three genes with similarity to the NHE/HBL enterotoxin
operons. These genes are known to be located on the chromosome. In fact, the chromosomes
of the four isolates, including HB1.4 and HD2.4B, harbored the complete NHE/HBL gene
set (Supplementary Figure S5).

Many metabolic features were found to be encoded by the large P1 plasmids harboring
more than 500 coding genes. In addition to the thumolycin gene cluster, present in the
large plasmids of all four isolates, two other BGCs encoding pulcheriminic acid and the
bacteriocin cerein 7B precursor were found to be located in the large plasmids of HD1.4B
and HD2.4.

Interestingly, in addition to the chromosomal-encoded type 1 restriction modification
systems (RM) [45], type 1 RM gene clusters encoding the subunits M, S, and R were present
in the 481 kb plasmid P1 of A24 and in the 94 kb plasmid P2 of A22. A fragmentary type
III RM system consisting of RMIII helicase and the methylation subunit flanked by UvrD
helicase and a transposase was detected in the P1 plasmid of HD2.4

A gene cluster detected in plasmid P1 of the B. cereus strains was similar to the
anthrose BGC, previously described in B. anthracis Sterne [46]. The anthrose-containing
oligosaccharide attached at the surface of the exosporium might contribute to enhanced
survival rates under multiple stress conditions. Our results are in line with previous results
of Dong et al. [47] demonstrating that the presence of anthrose-containing exosporia is not
restricted to B. anthracis.

The complete operon for myo-inositol catabolism was detected in the large plasmids
of all the four B. cereus isolates. The gene cluster was found to harbor the genes encoding
the same enzymes as the myo-inositol operon previously detected in the chromosome of B.
subtilis [48]. The presence of repeats and mobile elements in the flanking regions suggested
that the operon might be acquired by horizontal gene transfer (Supplementary Figure S6).

3.2. Genome Mining for Biosynthetic Gene Clusters (BGCs) Encoding Secondary Metabolites

Antimicrobial compounds belong to structurally diverse groups of molecules, such
as non-ribosomal peptides (NRPs) and polyketides (PKs), ribosomally synthesized and
post-translationally modified (RiPPs) and unmodified (class 2 bacteriocins) peptides [49,50].
Genome mining using the software pipelines of antiSMASH6.0 [20], PKS/NRPS Analy-
sis [21], and BAGEL4 [22] was performed with the genomes of all the Vietnamese isolates
of the B. cereus sensu lato complex. The results were subsequently compared with the MIBiG
database [51] in order to distinguish between characterized and uncharacterized BGCs.
Our survey yielded a total of 209 BGCs representing 36 different gene clusters involved in
the biosynthesis of secondary metabolites. Only a few, such as the siderophores petrobactin
(BGC0000942) and bacillibactin (BGC0000309), zwittermicin (BGC0001059), locillomycin
(BGC0001005), and pulcherrimic acid (BGC0002103), were listed in the MIBiG data bank.
Two BGCs, kurstakin and thumolycin, although not listed in the MIBiG repository, were
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identified due to their similarity to genes already deposited in the NCBI data bank. Most of
the BGCs exhibited no or only low similarity to the known BGCs present in the MIBiG data
bank. Five BGCs encoding bacillibactin, RiPPs (2), betalactone (1), and terpene (1) were
found conserved in all B. cereus s.l. isolates (Figure 2). An overview about the BGC species
detected in the plant-associated B. cereus isolates is presented in Supplementary Table S5.

3.2.1. Non-Ribosomally Synthesized Antimicrobial Peptides (NRPs) and Polyketides (PKs)

NRPs are secondary metabolites that are synthesized through giant multi-modular
peptide synthetases [52]. The complete krs gene cluster (BGC5) encoding the cyclic lipohep-
tapeptide kurstakin [53] was found to be widely distributed and occurs in the genomes of
most B. cereus sensu lato isolates, except B. pacificus SN4.1, B. tropicus SN1, and Bacillus sp.
CD3-1a and CD3.5. Kurstakin is responsible for biofilm formation [54]. Although kurstakin
was present in the majority of the investigated isolates (13/17 strains), the kurstakin gene
cluster, containing the genes krsE, krsA, krsB, krsC, sfp, and krsD (Figure 4A), is not listed in
the MIBiG data bank.

The lipopeptide thumolycin, recently detected in B. thuringiensis BMB171, enabled the
bacterium to develop a broad spectrum of antimicrobial and nematocidal activities [42].
Unfortunately, the structure of the lipopeptide is still not resolved. We detected the thu-
molycin (tho) gene cluster (BGC14) in plasmids of the B. cereus strains A22, A24, HD1.4B,
and HD2.4. The genes of the tho cluster spanned around 30 kb. Two multimodular
non-ribosomal peptide synthetases (ThoH and ThoI) synthesized a putative pentapeptide
Orn-D-X-Leu/Ile-XS-Leu (Figure 4B). The thoC-, thoD-, and thoE-encoded proteins are
probably involved in the synthesis of the fatty acid chain [42].

Fragments of the locillomycin gene cluster [55] (BGC34) were detected in B. cereus A8
(Supplementary Table S5). To the best of our knowledge, to date, the locillomycin gene
cluster has been detected only in members of the B.subtilis species complex. The gene cluster
for the synthesis of the catecholic iron siderophore bacillibactin, 2,3-dihydroxybenzoyl-
Gly-Thr trimeric ester, has been previously reported in the genomes of B. subtilis [56]
(BGC0000309) and B. velezensis FZB42 [57] (BGC0001185). Its non-ribosomal synthesis was
found to be dependent on Sfp (phosphopantetheinyl transferase) [58]. BGCs with a similar
structure as that of BGC0000309 and BGC0001185 were detected in all 17 B. cereus sensu lato
isolates investigated in this study. Whilst the core structure of the bacillibactin transcription
unit was well conserved, a sfp gene in the flanking region was identified as a unique feature
for the B. cereus bacillibactin operon (Figure 5A). This is in contrast to the operon structure
in the B. subtilis species complex, where the sfp gene is located in a more remote location,
downstream flanking the surfactin operon [58].

The gene cluster for the synthesis of the aminopolyol antibiotic zwittermicin was
detected in four B. cereus genomes. The highly polar zwittermicin A (ZmA) possesses
antiprotist and antibacterial activities, and consists of numerous ethanolamine and gly-
colyl moieties flanked by N-terminal D-serine and an unusual amide generated from
ß-ureidoalanine. The aminopolyol structure of the final product results from different
processing events of the NRPS/PK hybrid precursor molecule (Figure 5B), in which a
multitude of gene products of the zma gene cluster are involved [59].

In addition, numerous uncharacterized NRPs, PKS, and NRP/PKS hybrids were found
(Supplementary Tables S5 and S6). A unique gene in B. tropicus CD3.2, located downstream
of an uncharacterized NRP + PK cluster (BGC37, Supplementary Figure S7), encoded a
putative necrose-inducing protein (NPP1 family) [60].

3.2.2. Gene Clusters Representing RiPPs and Bacteriocins

In contrast to polyketides and peptides, which are synthesized independently from
ribosomes, numerous peptides with antimicrobial activity (bacteriocins) are synthesized by
a ribosome-dependent mechanism. According to Zhao and Kuipers [49], several groups of
ribosomally synthesized peptides (RiPPs) can be identified:

• Class I: post-translationally modified peptides smaller than 10 kDa.
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• Class II: small (<10 Da), unmodified peptides with or without a leader sequence.
• Class III: peptides larger than 10 kDa.
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Figure 4. Gene cluster and domain structure involved in the non-ribosomal synthesis of cyclic
lipopeptides in B. cereus A22. (A) The kurstakin (krs) gene cluster is located on the chromosome of
A22 in the range of 2325–2355 kb. The amino acid sequence deduced from the adenylation domains
was experimentally corrected and completed by LIFT-MALDI-TOF/TOF MS (see Table 2). (B) The
thumolycin (tho) gene cluster resides in the B. cereus A22 plasmid 1 between 435 kb and 465 kb. The
domain structure of ThoH and ThoI, including the amino acids deduced from their adenylation
domains, is shown. The complete amino acid sequence determined by LIFT-MALDI -TOF/TOF
MS is shown in Table 3. Further domains were detected in ThoC (A), ThoE (KS), ThoK (TE), and
ThoL (ACPS).
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Figure 5. Gene clusters involved in the non-ribosomal synthesis of bacillibactin and zwittermicin.
The siderophore gene cluster in the B. cereus A22 chromosome. (A) Comparison of the corresponding
B. velezensis FZB42 gene cluster revealed the presence of the sfp gene downstream of the ballibactin
transcription unit as a unique feature. (B) The gene cluster for the synthesis of the PK/NRP hybrid
zwittermicin in B. cereus SN4-3.

RiPPs, such as lanthipeptides (class1 and class2), linear azol(in)e-containing peptides
(LAPs), lassopeptides, sactipeptides, thiopeptides, and representatives of the class II un-
modified bacteriocins, such as UviB peptides (holin-like proteins), were detected in the
B. cereus group isolates applying the antiSMASH and BAGEL4 toolkits (Supplementary
Figures S8 and S9). Many RiPP biosynthetic proteins recognize and bind their cognate
precursor peptide through a domain known as the RiPP recognition element (RRE) [61].
The detection of RRE domains using antiSMASH-supported genome mining was helpful
in identifying the BGCs involved in the synthesis of RiPPs, which did not contain known
core peptide-encoding sequences [62].

A total of 19 different BGCs encoding RiPPs and unmodified class 2 bacteriocins were
detected. Only six encoded precursor peptides with an apparent similarity to known
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RiPPs: BGC20 (thuricin), BGC17 and BGC18 (sublancin/CER074), BGC29 (paeninodin),
and BGC26 (thurincin H) (Supplementary Tables S5 and S7).

Antimicrobial lanthipeptides (lantibiotics) are post-translationally highly modified
and contain the thioether amino acid lanthionine as well as several other modified amino
acids [63]. LanA precursor peptides consist of an N-terminal leader peptide and a C-
terminal core region. The first step in post-translational modification is the activation and
elimination of water from the Ser and Thr residues forming dehydroalanine (DhA) and
dehydrobutyrine (DhB), respectively. Then, ß-thioether cross-links are generated between
the DhA, DhB, and the Cys residues. The modifying enzymes involved in the formation
of the thioether link in class AI lanthipeptides are the dehydratase LanB and the cyclase
LanC. The modification of A2 lanthipeptides is accomplished by LanM, containing the
dehydratase and the cyclase domain in one protein. Classes A3 and A4 lanthipeptides
are modified by LanKC and LanL, respectively [64]. We detected a BGC encoding a
representative of the A1 lanthipeptides in B. cereus SN4.3 (BGC25). Four genes encoding
precursor peptides similar to paenibacillin and subtilomycin were identified within BGC25.
BGCs encoding A2 lantibiotics similar to plantaricin (BGC19), thuricin (BGC20), lichenicidin
(BGC21), salivaricin (BGC23), and paenibacillin (BGC25) occurred in several B. cereus
isolates (Supplementary Tables S5 and S7).

Gene clusters encoding LAPS were found to be widely distributed in B. cereus and
related species. LAPS are characterized by the post-translational modification of the
precursor peptide, yielding thiazol(in)e and (methyl)oxazol(in)e heterocycles. Modifying
enzymes are the FMN-dependent dehydrogenase (SagB) and cyclodehdratase (SagC
and YcaO) [65]. BGC2 (Supplementary Table S7) was identified as being member of
the TOMM class (thiazole/oxazole-modified microcins), characterized by a gene cluster
consisting of a cyclodehydratase gene and associated genes encoding dehydrogenase
and a maturation protein. The core region of the TOMM precursor leader peptide
contained a region enriched with Cys residues (BGC7/8), which is typically for the
hetero-cycloanthracin/sonorensin family [66].

A glyocin-encoding gene cluster (BGC17) was detected in the plasmid P2 of B. cereus
A24. Glyocins are defined as post-translationally glycosylated RiPPs with antimicrobial
activity [65,67]. BGC17 resembled sublancin, which is an S-linked glycopeptide coding a
SunS family peptide S-glcosyltransferase and a bacillicin CER074 peptide (BGC0001863)
containing a glucose attached to a cysteine residue [68]. A second gene cluster (BGC33)
harboring genes encoding a glycosyltransferase and a putative 75 aa precursor peptide was
detected in B. cereus HB3.1 (Supplementary Table S5).

Lassopeptides are characterized by an N-terminal macrolactam ring threaded by
the C-terminal tail. A cysteine protease B and a lactam synthetase C are necessary for
the post-translational modification of the precursor peptide [69]. Two gene clusters,
probably encoding lassopeptides, were identified. BGC29 harbored, in addition to a
structural gene (paeA) for the synthesis of paeninodin lasso peptide [70], the genes for the
synthesis of the essential components of post-translational modification, paeB1 (PQQD
family protein), paeB2 (cysteine protease), and paeC (lactam ring closing cyclase). Four
copies of the lasso precursor gene and split B1 and B2 genes were detected in BGC30
(Supplementary Table S7).

Two gene clusters (BGC26 and BGC28), encoding the radical S-adenosylmethionine
(rSAM) enzyme, necessary for the post-translational modification of sactipeptides, occurred
in the representatives of the B. cereus group. A well-known representative of sactipeptides
is subtilosin A (SboA), synthesized by Bacillus subtilis. The rSAM enzyme (AlbA) catalyzes
the linkage of a thiol with an α-carbon of a functional amino acid residue [71]. BGC26
harbored genes involved in the synthesis and rSAM-dependent modification of a thurincin
H-like precursor peptide. A gene encoding a protein containing an N-terminal radical SAM
domain (pfam04055) and a C-terminal pfam08756 domain with a CxCxxxxC motif (BmbF)
was detected in BGC28. In contrast to B. subtilis, the YfkA and YfkB regions, originally
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reported as separate ORFs in B. subtilis, were found fused in the B. cereus gene cluster
(Supplementary Table S7).

Like the structurally related sactipeptides, the thioether linkage in ranthipeptides is
generated via a radical-initiated mechanism. However, ranthipeptides do not contain α-
carbon links and were recently designated as non-α thioether peptides [72]. The ranthipeptide
gene cluster (BGC15) detected in four B. cereus isolates harbored a gene encoding the rSAM
protein belonging to the MoaA/NifB/PqqE/SkfB superfamily (Supplementary Table S7).

A gene cluster (BGC7/8), involved in the synthesis and modification of an 82 aa pre-
cursor thiopeptide belonging to the heterocycloanthracin/sonorensin family [73], occurred
in all B. cereus group isolates. Its C-terminal region contained an extended repeat region
with Cys at every third residue (Supplementary Table S7).

Two different subclasses of bacteriocin class II peptides were detected: the holin-like
BhlA encoding genes (BGC12 and BGC16) and a cluster (BGC13) harboring a gene encoding
a cerein-like prepeptide belonging to the Blp family. Similar as in lanthipeptides, the Blp
family prepeptides are characterized by a conserved GlyGly processing site between
the N-terminal leader and the C-terminal core peptide region [74]. The BhlA holin of
Bacillus pumilus causes bacterial death by cell membrane disruption [75]. In addition
to the genes encoding leaderless BhlA peptides, the holin gene clusters harbored genes
encoding muramidases (GH25 glycosyl hydrolases) that hydrolyze the peptidoglycan cell
wall (Supplementary Table S7, Supplementary Figures S8 and S9).

3.2.3. Other Antimicrobial Secondary Metabolites

Seven BGCs encoding other antimicrobial secondary metabolites were identified in
the plant-associated B. cereus isolates (Supplementary Figure S7, Supplementary Table S8).
Three of them, BGC3 (=BGC0000942, petrobactin), BGC11 (=BGCBGC0002103, pulcherrim-
inic acid), and BGC32 (=BGC0000914, furan), were similar to the known BGCs deposited in
the MiBIG data bank.

The asbABCDEF gene cluster is responsible for the biosynthesis of petrobactin, a
catecholate siderophore that functions in both iron acquisition and virulence [76]. We
detected the petrobactin gene cluster in the genomes of 14 isolates. Only B. pacificus SN4-1
and HD1-3 and Bacillus sp. CD3.5 did not harbor the BGC0000942 cluster, which is common
in most representatives of the B. cereus group [77].

Pulcherriminic acid is a cyclic dipeptide able to chelate Fe3+ [78]. Due to its high affinity
to Fe ions, Bacillus strains producing pulcherriminic acid compete successfully with other
microorganisms in low iron environments. A gene cluster similar to the pulcherriminic
acid synthesis cluster in B. subtilis (BGC0000914) was detected in the B. cereus HD1.4B and
HD2.4 plasmid sequences (Supplementary Table S4) and in the draft genomes of B. cereus
A8 and B. tropicus CD3-2.

Several genes of BGC32, possibly involved in the synthesis of a furan-like metabo-
lite, showed a striking similarity to the methylenomycin A gene cluster in Streptomyces
coelicolor [79].

Four BGCs did not show similarity to any characterized biosynthetic gene clusters.
BGC6 possibly encoded ß-lactone-harbored genes with similarity to the genes flanking
the plipastatin BGC in B. subtilis. BGC24 contained several genes of the carbohydrate
metabolism, probably involved in the synthesis of ladderane. BGC10 and BGC31 encoded
enzymes for the synthesis of terpene and nucleoside metabolites, respectively.

3.3. Detection of Bioactive Peptides by MALDI-TOF Mass Spectrometry

The genome mining data summarized in Figure 2 indicate the presence of BGCs at the
genomic level. However, the real biosynthetic capacity of the investigated isolates can only
be verified by the isolation and structural analysis of the compounds actually produced.
In Figure 6, we demonstrate the production of the non-ribosomally formed secondary
metabolites of strain A22 as a representative for B. cereus detected by MALDI-TOF MS. As
an overview, Figure 6A–C show mass spectra for the compounds found in a surface extract
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of A22 taken from cell materials grown on agar plates in the Landy medium for 48 h. Two
prominent products were observed. Figure 6B shows the mass peaks for two kurstakins
with chain lengths of their fatty acid component of 12 and 13 carbon atoms, respectively. The
following mass data were found: C12-kurstakins: [M + H,Na,K]+ = 892,5/914,5/930.5 Da;
C13-kurstakins: [M + H,Na,K]+ = 906.5/928.5/944.5 Da. In addition, as yet unknown
compounds with the mass numbers of 1051.8 and 1065.9 were found, which dominate the
MALDI-TOF mass spectrum of the surface extract in Figure 6A. Presumably, there are two
isomers that differ by a methylene group (Figure 6C). This compound cannot be correlated
to any of the BGCs of the antiSMASH profile of strain A22.

Figure 6D–F show the mass spectra of the products of A22 released into the culture
broth for growth in liquid cultures for 48 in the Landy medium. Here, the arylpolyene
lipopeptide thumolycin and both siderophores bacillibactin and petrobactin were detected.
Figure 6E exhibits the mass peaks of thumolycin (m/z = 697.8) and petrobactin (m/z = 720.2).
A relatively small part of the kurstakins was released into the culture filtrate, while the
main part remained attached at the outer surface of A22. In Figure 6F, kurstakin mass
peaks (m/z = 906.8/930.8 and 944.8) overlap with those of the siderophore bacillibactin
[M + H,Na,K]+ = 883.6/905.6/921 Da. These results demonstrate that kurstakins were
predominantly found attached to the outer surface of B. cereus cells, while thumolycin
and both siderophores bacillibacin and petrobactin were released into the culture medium.
Similar profiles were obtained for strains A24, HD1.4B, and HD2.4. All other investigated
B, cereus isolates did not produce thumolycin.

The structure of both lipopeptide products of strain A22, kurstakin and thumolycin,
were investigated in detail by LIFT-MALDI-TOF/TOF fragment analysis [26]. Table 2 shows
the sequence determination of C13 kurstakin with a parent ion [M + H}+ = 906.504 Da
derived from product ions obtained by LIFT-MALDI-TOF/TOF fragment ion spectra. In
Table 3, the structure of this compound is modelled from the nearest neighbor relationships
using di-, tri-, and tetrapeptide fragments.

Table 2. Mass spectrometric sequence determination of C13-kurstakin produced by B. cereus A22
with a parent ion [M + H]+ = 906.504 derived from product ion patterns obtained by LIFT-MALDI-
TOF/TOF fragment ion spectra. FA: fatty acid component.

bn-H2O (found) - 280.123 337.149 408.107 495.159 632.284 760.445 -
bn (found) 197.030 298.133 355.112 - - - 778.446 906.504
bn (calc.) 197.190 298.238 355.259 426.296 513.328 650.387 778.446 906.504

C13-FA Thr
(1)

Gly
(2)

Ala
(3)

Ser
(4)

His
(5)

Gln
(6)

Gln
(7)

yn (calc.) 906.502 710.322 609.275 552.253 481.216 394.184 257.125 129.066
yn (found) 906.504 710.266 609.163 552.133 481.106 394.084 257.050 129.066
yn-H2O (found) - 692.185 - - 463.103 - - -

Using the same technique, we investigated thumolycin, which is a combination of
a pentapeptide attached to a yet unknown arylpolyene lipidic residue. By LIFT-MALDI-
TOF/TOF fragment analysis, we obtained the complete sequence of the pentapeptide part
for the first time, which is compatible with the initial results from Zheng et al. [42] and
the module organization of the corresponding BGC derived from antiSMASH 6.0 genome
mining. The structure of this pentapeptide is shown in Table 4.

In summary, by MALDI-TOF mass spectrometry, we detected all compounds produced
by B. cereus strains non-ribosomally. The investigation of the RiPPs, such as lanthipeptides,
sactipeptides, and bacteriocins, is in still progress.
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plates in the Landy medium in the mass range of m/z = 650–1150. (B) Kurstakins observed in the
range of m/z = 880–980. (C) Detection of a yet unknown prominent product with mass numbers
of 1051.83 and 1065.86 Da. (D–F) Compounds found in the culture filtrate of strain A22 grown
in the Landy medium for 48 h. (D) MALDI-TOF mass spectrum of a culture filtrate of strain A22
grown in the Landy medium for 48 h in the mass range of m/z = 690–1120. (E) Detection of the
arylpolyene-lipopeptide thumolycin and the siderophore petrobactin with mass numbers of 697.77
and 720.20. Da. (F) Kurstakins and the siderophore bacillibactin ([M + H;K] + = 883.58 and 921.55 Da)
found in the mass range of m/z = 880–950.

Table 3. Modeling of the structure of C13-kurstakin (m/z = 906.5) by nearest-neighbor relationships
obtained by MALDI-TOF MS.

(A) Dipeptide fragments m/z m/z

Calc. found

C13-FA-Thr 298.238 298.141/280.129

Thr-Gly 159.077 159.007/141.022

Gly-Ala 129.066 129.016

Ala-Ser 159.077 159.007/141.022

Ser-His 225.099 225.034/207.019

His-Gln 266.125 266.060

Gln-Gln 257.125 257.050

(B) Tripeptide fragments

C13-FA-Thr-Gly 341.244 341.170/323.167

Thr-Gly-Ala 230.114 230.026/212.025

Gly-Ala-Ser 216.098 216.024/198.022

Ala-Ser-His 296.136 -/278.050

Ser-His-Gln 353.157 353.084/335.070

His-Gln-Gln 394.184 394.101/335.070

(C) Tetrapeptide fragments

C13-FA-Thr-Gly-Ala 426.296 -/408.121

Thr-Gly-Ala-Ser 317.146 317.057/299.070

Gly-Ala-Ser-His 353.157 353.084/335.070

Ala-Ser-His-Gln 424.194 -

Ser-His-Gln-Gln 481.216 481.120/463.120

3.4. B. cereus s.l. Strains Suppressed Plant Pathogens and Promoted Plant Growth
3.4.1. Antifungal and Nematocidal Activity

Our in vitro bioassays revealed that only few of the B. cereus group isolates efficiently
inhibited phytopathogenic fungi and nematodes. Antifungal activity was examined in vitro
using Fusarium oxysporum, known for causing fusarium wilt disease [80], and Phytophthora
palmivora, one of the most detrimental plant pathogens in Vietnam [81]. Whilst most of the
isolates did not significantly suppress the growth of the pathogenic fungi and oomycetes, a
strong antimicrobial activity was exerted by B. cereus HB3.1 and Bacillus sp. HD.3 (Figure 7).
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Table 4. Sequence of the pentapeptide part of the lipopeptide thumolycin derived from the product
ion pattern obtained by LIFT-MALDI-TOF/TOF fragment ion spectra. The yet unknown arylpolyene
lipid part of thumolycin of unknown length is linked to the Orn residue. The amino acids Orn, Ile,
and Leu were also predicted by their adenylation domain sequences from genome mining using
antiSMASH 6.0 (Figure 3B).

b ions→
bn (found) - 216.17 328.25 457.38 (p)??
bn (calc.) 115.09 216.14 329.22 457.28 (P)570.36

Orn
(1)

Thr
(2)

Ile
(3)

Gln
(4)

Leu
(5)

yn (calc.) (p)570.36 456.28 355.24 242.15 114.09
yn (found) (p)?? 456.39 355.25 242.17 -

<-- y ions
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directly, we isolated a representative strain of Meloidogyne sp. from the galls of infested 
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Figure 7. In vitro assay of the antifungal activity of B. cereus group strains isolated from Vietnamese
crop plants. (A) Suppression of Phytophthora palmivora. (B) Suppression of Fusarium oxysporum.
Strains with enhanced antimicrobial action are indicated in red. All diagrams show the means of at
least three replicates (n ≥ 3). Negative controls were performed without treatment with the bacteria.
Columns with superscripts with the same letter are not significantly different according to the Fisher’s
least significance difference (LSD) test (p ≤ 0.05).
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Root-knot nematodes, such as Meloidogyne spp., are one of the most important plant
pathogens in tropical and temperate agriculture, and are responsible for the significant
harvest losses of main Vietnamese crops, such as coffee trees (Coffea arabica and Coffea
canephora) and black pepper plants [82]. In order to analyze the antagonistic activity of the
B. cereus isolates, we tested at first their suppressing effect against the model nematode
Caenorhabditis elegans. Fast and slow death rates were estimated in a bioassay under labora-
tory conditions. Most of the investigated B. cereus isolates were able to kill considerable
amounts of the nematodes, as revealed in both test systems (Figure 8).
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Figure 8. Nematocidal activity of B. cereus isolates. (A) Bioassay with Caenorhabditis elegans. Slow
killing activity was determined in NGM plates and fast killing activity in a liquid medium as described
previously [3]. (B) Determination of the biocontrol action of the B. cereus isolates on the root-knot
nematode Meloidogyne sp. in greenhouse experiments. Tomato plants infested with Meloidogyne
sp. were used for the test (counting of “knots” in the tomato roots). The increase compared to the
control without adding with the Bacillus isolates is shown. All experiments were conducted with
three independent repetitions and a randomized design. The bars above the columns indicate the
standard error (SE). Different letters at each treatment indicate significance between inoculated and
uninoculated conditions, at a p ≤ 0.05 level after the t-test.
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In order to examine the inhibiting effects against phytopathogenic nematodes more
directly, we isolated a representative strain of Meloidogyne sp. from the galls of infested
black pepper plant roots according to the hypochlorite procedure [83]. The inhibiting
effect exerted by the test bacteria on disease development was examined in a greenhouse
experiment. Ten weeks after the transplanting of the tomato plantlets into the soil, the
formation of root knots was visually registered and used as a measure for calculating the
disease index according to Bridge and Page [28]. All B. cereus isolates were found to be
efficient against nematodes. In the presence of HB3.1, HD1.4B, HD2.4, MS2.1B, and SN4.3,
the killing rates (estimated as slow and fast killing rates) of Caenorhabditis elegans exceeded
60% (Figure 8A). The Melodoine sp.-caused disease index of tomato plants was reduced
by more than 50% after the application of B. cereus HB3.1, HD2.4, MS2.1B, and SN4.3
(Figure 8B). Similar rates were previously detected in representatives of B. velezensis [4] and
Brevibacillus spp. [3].

3.4.2. Plant Growth Promotion

We examined the effect of the Vietnamese B. cereus isolates on the Arabidopsis thaliana
biotest system [29]. B. cereus HD1.4B and B. cereus HD2.4 enhanced the growth of the
Arabidopsis seedlings by more than 20% (Figure 9). However, using the same biotest sys-
tem, the increase rates observed for some plant-associated Brevibacillus and B. velezensis
strains isolated during the same survey [2] were higher and estimated to range from 30
to 40% [3,4].
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Figure 9. Growth-promoting effects of B. cereus isolates on Arabidopsis thaliana seedlings. The blue
columns in the diagram represent the fresh weight obtained after 21 days under controlled conditions
in the growth chamber. The % increase compared to the untreated control (red columns) is indicated
on top of the columns. Each treatment value is presented as the means of three replications (n = 3)
with the standard error. Different letters at each treatment indicate significance between inoculated
and uninoculated conditions, at a p ≤ 0.05 level after the t-test.

4. Conclusions

In this study, we showed that plant-associated representatives of the B. cereus group
were able to suppress important plant pathogens, such as fungi (Fusarium oxysporum),
oomycetes (Phytophthora palmivora), and root-knot forming nematodes (Meloidogyne sp.)
The plant-growth-promoting activity of some of the isolates could also be demonstrated.

Genome mining revealed that the members of the B. cereus group are rich in gene
clusters probably involved in the synthesis of antimicrobial peptides that are efficient
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in inhibiting plant pathogens and triggering plant-induced systemic resistance [84]. A
total of 36 different biosynthetic gene clusters (BGCs), many of them not listed in the
MiBIG data bank, were detected in the 17 isolates obtained from Vietnames crop plants.
Mass-spectrometric analysis revealed that, in addition to some hitherto unknown com-
pounds, several species of the antimicrobial lipopeptides kurstakin and thumolycin and
the siderophores bacillibactin and petrobactin were expressed in many of the isolates. The
arylpolyene lipopeptide thumolycin was reported to possess interesting antimicrobial and
nematocidal activities, but its primary structure was not resolved [42]. Here, the primary
structure of the pentapeptide part was resolved, and the Orn residue was identified as
being linked with the yet unknown arylpolyene lipid part.

In addition to antimicrobial peptides, the biocontrol of plant pathogens can be exerted
by δ-endotoxins (parasporal inclusion proteins), traditionally known to be produced by
B. thuringiensis, a close relative of B. cereus. Cry genes encoding the entomocidal crystal
proteins Cry1Aa1 and Cry2Ba1 were detected in the genome of B. cereus ssp. Bombysepticus
TK1. In the same strain, another gene encoding the vegetative insecticidal protein Vip3
was also detected, suggesting that the presence of insecticidal proteins is not restricted to B.
thuringiensis. The encouraging results described above might lead to the development of
the selected representatives of the B. cereus group as biocontrol agents. However, as known
food poisoning organisms and members of the risk group 2, the potential of the B. cereus
group isolates to produce toxins needs to be carefully examined before they can be applied
in sustainable agriculture.

In this context, we showed that no gene clusters encoding B. anthracis pXO plasmid-
related toxins were present in all the B. cereus s.l. genomes investigated here. Furthermore,
we could rule out the synthesis of the heat-stable cereulide toxin, the causative agent
of the emetic syndrome. However, the regular appearance of chromosomally localized
virulence genes, encoding the heat-labile enterotoxins HBL and NHE, might restrict the
direct application of B. cereus s.l. strains in biological plant protection.

In order to avoid such conflicts, the utilization of interesting B. cereus BGCs and
genes encoding entomocidal proteins can be achieved by their heterologous expression in
safe plant-beneficial host strains, which has been already demonstrated with B. velezensis
FZB42 [85,86].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms11112677/s1. Figure S1: Tree inferred with FastMe
2.1.6.1 from GBDP distances calculated from 16S rDNA gene sequences. Figure S2: GBDP tree
(whole-genome-sequence-based) inferred with FastMe 2.1.6.1 from GBDP distances calculated from
genome sequences. Figure S3: Heat map of the FastANI values of 128 B. cereus group genomes
calculated and drawn by the EDGAR3.0 software package. Figure S4: Environment of the Rep protein
genes in the plasmid sequences of A22, A24, HD1.4B, and HD2.4; Figure S5: Localization of the
virulence genes and gene clusters on the chromosomes and plasmids of B. cereus isolates. The cytK
gene and the NHE/HBL gene clusters were chromosomally localized. The complete set of NHE and
HBL genes was chromosomally localized in all four completely sequenced strains (A22, A24, HD1.4B,
and HD2.4). The P1 plasmid sequences of HD1.4B and HD2.4 harbored genes with similarity to the
NHE/HBL enterotoxin family. Figure S6: Plasmid-encoded catabolic operons, biosynthetic gene
clusters (BGCs), and restriction/modification systems. Figure S7: BGCs in the B. cereus group isolates
encoding NRPS/PKS and other secondary metabolites. Figure S8: RiPP gene clusters detected by
applying the BAGEL4 software (http://bagel4.molgenrug.nl/ (accessed on 1 November 2021)) in the
genomes of the Vietnamese Bacillus cereus group genomes. Figure S9: RiPP gene clusters detected by
applying the antiSMASH version 6 software in the Vietnamese Bacillus cereus group genomes. Table
S1: Types of entomocidal cry toxins. Table S2: Species and subspecies delineation of the 17 Vietnamese
B. cereus sensu lato isolates according to their dDDH and Fast ANI values. Table S3: List of the 17
B. cereus group strains used in this study with detailed annotation. Table S4: Genome annotation
of the four completely sequenced B. cereus strains by RASTk. Table S5: Gene clusters (BGCs) of
the Vietnamese Bacillus cereus group isolates. Table S6: Gene clusters (BGCs) of the Vietnamese
Bacillus cereus group isolates involved in the non-ribosomal synthesis of antimicrobial peptides
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(RiPPs and bacteriocins). Table S7: Gene clusters (BGCs) of the Vietnamese Bacillus cereus group
isolates involved in the ribosomal synthesis of antimicrobial peptides (RiPPs and bacteriocins). Table
S8: Gene clusters (BGCs) of the Vietnamese Bacillus cereus group isolates involved in the synthesis of
other secondary metabolites.
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Abstract: We have previously reported the draft genome sequences of 59 endospore-forming Gram-
positive bacterial strains isolated from Vietnamese crop plants due to their ability to suppress plant
pathogens. Based on their draft genome sequence, eleven of them were assigned to the Brevibacillus
and one to the Lysinibacillus genus. Further analysis including full genome sequencing revealed that
several of these strains represent novel genomospecies. In vitro and in vivo assays demonstrated
their ability to promote plant growth, as well as the strong biocontrol potential of Brevibacilli directed
against phytopathogenic bacteria, fungi, and nematodes. Genome mining identified 157 natural
product biosynthesis gene clusters (BGCs), including 36 novel BGCs not present in the MIBiG data
bank. Our findings indicate that plant-associated Brevibacilli are a rich source of putative antimicrobial
compounds and might serve as a valuable starting point for the development of novel biocontrol
agents.

Keywords: Lysinibacillus; Brevibacillus; genomic islands; phylogenomics; taxonomy; ANI; average
nucleotide identity; dDDH; DNA-DNA hybridization: biocontrol; nematicidal activity; plant growth
promotion; secondary metabolites

1. Introduction

Coffee and pepper are valuable products of Vietnamese agriculture. Their coffee
production worldwide ranks second, after Brazil. Black pepper is of similar importance
in Vietnam, and has been exported to more than 110 countries. However, during the
last years, there has been a tendency of harvest yield reduction in the case of coffee of
about 20% compared to the yield of 2014. Harvest losses are caused by plant pathogens
such as fungi (e.g., Fusarium oxysporum), oomycetes (Phytophthora palmivora) and root-knot
nematodes (e.g., Meloidogyne incognita). In the past, chemical pesticides were used to control
the phytopathogens, but their use is no longer permitted due to their toxic remnants. The
epidemic occurrence of fast death disease, which is damaging black pepper plantations, has
led to a rural exodus of farmers. For this reason, the sustainable development of agriculture,
which includes the applying of highly efficient and reliable biocontrol agents, useful for
preventing and suppressing pests on black pepper and coffee, is an urgent need.
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We recently isolated endospore-forming Gram-positive bacteria strains with putative
biocontrol functions from healthy Vietnamese crop plants (e.g., coffee and black pepper)
grown in fields infested with plant pathogens [1]. Based on their draft genome sequences,
47 isolates were assigned as being representative of the genus Bacillus belonging either to the
B. subtilis or the B. cereus group [2]. Twelve additional isolates were either representatives
of the Brevibacillus (11) or the Lysinibacillus (1) genus [1]. The majority of these strains
could not be assigned down to species level. Preliminary experiments revealed that the
Brevibacillus strains exert a strong nematicidal activity, and were able to suppress the growth
of fungal plant pathogens.

The genus Brevibacillus encompassing the historical Bacillus brevis cluster [3] belongs
to the family Bacillaceae of the phylum Firmicutes. The genus currently comprises 30
validated species according to the List of Prokaryotic Names with Standing in Nomen-
clature (LPSN; [4]). The members of the genus are characterized by the formation of
spherical swollen sporangia, containing L-lysine in their peptidoglycan cell wall, and by
their inability to utilize traditional carbohydrates. Although reports about the biocontrol
activity of Brevibacilli against plant pathogens are rare [5–7], the application of antimicrobial
compounds with medical importance produced by Brevibacillus spp. has a long tradition.
Members of the Brevibacillus brevis cluster are a rich source of antimicrobial peptides and
lipopeptides (AMPs), including gramicidin A and gramicidin S. The cyclic decapeptide
gramicidin S (Soviet gramicidin) was discovered as early as 1942 [8]. Linear gramicidin
A is the first AMP used clinically, and has still medical importance in topical medications.
Until today, many novel AMPs such as the non-ribosomally synthesized cyclic decapep-
tide tyrocidine, the linear lipo-tri-decapeptide brevibacillin, the atypical cationic peptide
edeine, and the bacteriocins laterosporulin and laterosporulin10 have been described [8].
Brevibacillus Leaf182 has previously been characterized as the most powerful inhibitor in the
Agrostemma thaliana phyllosphere, and harbors a large number of gene clusters putatively
involved in the synthesis of AMPs and other antimicrobial compounds. Marthiapeptide A
and the previously unknown polyketide macrobrevin were identified in Leaf182 [9].

The genus Lysinibacillus [10], with the type species Lysinibacillus boronitolerans, at
present comprises 21 validly published species (24-10-2022 LPSN). L. sphaericus, formerly
Bacillus sphaericus, is known as an entomopathogen able to act as a biological insecticide that
is efficient against mosquitos. In addition, other beneficial abilities such as plant growth
promotion, the biocontrol of plant pathogens, and bioremediation have been reported [11].

In this study, we have fully characterized a new Lysinibacillus isolate and three novel
Brevibacillus strains which were isolated from Vietnamese crop plants. We could assign their
genomes to novel genomospecies, and were able to identify more than 150 biosynthetic
gene clusters (BGCs) probably involved in the synthesis of a multitude of structurally di-
verse antimicrobial compounds. Biocontrol experiments performed with phytopathogenic
bacteria, fungi, and nematodes revealed the high potential of the Brevibacilli isolates to
suppress plant pathogens.

2. Materials and Methods
2.1. Strain Isolation, Growth Conditions and DNA Isolation

The plant-associated bacteria were isolated from healthy crop plants, such as coffee
and pepper, from fields located at Dak Nong, Dak Lac provinces, Vietnam, and infested
with plant pathogens such as Phytophthora palmivora, Fusarium oxysporum, and nematode
Meloidogyne sp. [1]. Routinely, the leaf, stem and root of healthy plants were selected and
taken to the laboratory for further processing. The plant organs were cut into 5 × 5 mm
pieces and washed twice with sterile water. Afterwards, the plant parts were dipped into
75% ethanol for one min, and then into 0.1% mercury dichloride (HgCl2) for two min. The
cuts were then washed three times with sterile water, and taken up in 10 mL sterile water.
The suspension was grounded in a sterile and chilled mortar. After 30 min. incubation,
0.1 mL of the solution was transferred to LB plates and allowed to grow for 72 h at 28 ◦C.
Finally, single colonies were purified, transferred to 50 mL fresh LB medium, and cultured
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in a shaker at 28 ◦C and 180 rpm for 24 h. Due to their slow growth, Brevibacillus spp. were
found to be enriched when soil samples adherent to plant roots were incubated under
shaking for two weeks, diluted to 10−9, and then plated either onto R2A agar (Oxoid Lim.,
Basingstoke, UK) or onto 1/5 diluted NPT agar consisting of 0.4 g/L nutrient broth, 1 g/L
potato dextrose, 1.2 g/L tryptic soy broth, 2 g/L MES hydrate (2-morpholino-ethan sulfonic
acid), and 15 g/L agar, pH 5.75. Colonies appeared after three to seven days incubation at
28 ◦C. The purified strains were maintained as glycerol stocks (20%, w/v) at −80 ◦C. The
cultivating of the bacterial strains and DNA isolation have been described previously [1,2].

2.2. Genome Sequencing, Assembly and Annotation

The genome sequences of Lysinibacillus sp. CD3-6, Brevibacillus parabrevis HD3.3A,
Brevibacillus sp. DP1.3A, and Brevibacillus sp. M2.1A were reconstructed using a combined
approach of two sequencing technologies, which generated short paired-end reads and long
reads. The resulting sequences were then used for hybrid assembly. Short-read sequencing
was conducted in LGC Genomics (Berlin, Germany) using an Illumina HiSeqq in a paired
150 bp manner, as described previously [2]. Long read sequencing was done in house with
the Oxford Nanopore MinION with the Flow Cell (R9.4.1) and prepared with the Ligation
Sequencing Kit (SQK-LSK109). The samples were sequenced over 48 h and base called
afterwards by Guppy v3.1.5. Long reads were trimmed using Porechop (https://github.
com/rrwick/Porechop, v0.2.4, accessed on 3 December 2022) and filtered using Filtlong
(https://github.com/rrwick/Filtlong, v0.2.0, accessed on 3 December 2022) on default
settings. De-novo assemblies were generated by using the hybrid-assembler Unicycler
(https://github.com/rrwick/Unicycler, v0.4.8, accessed on 3 December 2022) [11]. The
quality of assemblies was assessed by determining the ratio of falsely trimmed protein by
using Ideel (https://github.com/phiweger/ideel, accessed on 3 December 2022). Genome
coverage of the obtained contigs was 50× on average.

Automatic genome annotation was performed using the RAST (Rapid A using Sub-
system Technology) server [12,13] implemented with RASTk [14], and with the NCBI
Genome Automatic Annotation Pipeline (PGAP6.2, [7]) for the general genome annota-
tion provided by NCBI RefSeq. Functional annotation was done by using PATRIC web
resources [15]. Core- and pan-genome analysis was performed within the EDGAR3.0
pipeline [16]. Genomic islands (GI) were predicted with the webserver IslandViewer 4
(http://www.pathogenomics.sfu.ca/islandviewer/, accessed on 3 December 2022) [17].
Circular plots of genome and plasmid sequences were visualized with BioCircos [18].

For assessment of genome similarity and phylogeny, the genome sequence data were
uploaded to the Type (Strain) Genome Server (TYGS), available at https://tygs.dsmz.de,
accessed on 3 December 2022 [19]. Information on nomenclature was provided by the List
of Prokaryotic names with Standing in Nomenclature (LPSN, available at https://lpsn.
dsmz.de, accessed on 3 December 2022) [20]. All user genomes were compared with all type
strain genomes available in the TYGS database via the MASH algorithm [21], and the ten
strains with the smallest MASH distances were chosen per user genome. Using the Genome
BLAST Distance Phylogeny approach (GBDP), the ten closest type strain genomes for each
of the user genomes were calculated. GTDB sp. were calculated with GTDB-Tk and the
FASTANI calculator (https://gtdb.ecogenomic.org/, accessed on 3 December 2022). GTDB-
Tk is a toolkit for assigning objective classifications to bacterial and archaeal genomes based
on the Genome Database Taxonomy (GTDB). In silico DNA-DNA hybridization (dDDH)
values were calculated in the TYGS platform using formula d4, which is the sum of all
identities found in the high score segment pairs (HSPs) divided by the total length of all
HSPs. A pan-genome analysis was performed using the Bacteria Pan Genome Analysis
pipeline (BPGA) [22] with the amino acid sequences and default parameter settings (50%
identity). The tree files provided by the BPGA pipeline and TYGS were visualized with
iTOL (https://itol.embl.de/#, accessed on 3 December 2022).

In addition, the EDGAR3.0 pipeline [16] was used for elucidating taxonomic rela-
tionships based on genome sequences. To construct a phylogenetic tree for a project,

159



Microorganisms 2023, 11, 168

the core genes of these genomes were computed. In a following step, the alignments
of each core gene set are generated using MUSCLE, and the alignments are concate-
nated to one huge alignment. This alignment is the input for the FastTree software
(http://www.microbesonline.org/fasttree/, accessed on 3 December 2022) to generate
approximately-maximum-likelihood phylogenetic trees. The values at the branches of
FastTree trees are _NOT_ bootstrapping values, but local support values computed by
FastTree using the Shimodaira-Hasegawa test. FastANI [23] was used to calculate ANI
heatmaps within the EDGAR pipeline for a selected set of genomes.

2.3. Biocontrol Activity against Plant Pathogens and Plant Growth Promotion

Antibacterial activity was examined as follows: 0.5 mL of a stationary culture (around
109 cells) of the phytopathogenic indicator bacteria (Clavibacter michiganensis, Dickeya solani,
Erwinia amylovora) were mixed with 2 mL liquid soft agar (0.7%) at 40 ◦C, and then added
to Petri dishes with 1.5% LB-Agar. The test bacteria (Brevibacillus and Lysinibacillus strains)
were grown in liquid culture for 48 h. under continuous shaking. 10 µL of the culture was
allowed to soak into filter paper discs (2 mm in diameter), and were then placed onto the
surface of the soft agar containing the indicator bacteria. The cultures were examined every
day and allowed to grow for six days at 27 ◦C.

The antifungal activity of the isolates was determined as follows: Plugs (5 mm in
diameter) with the pathogenic fungi were placed onto potato dextrose agar (PDA). Paper
discs with the test bacteria were then added 20 mm away from the fungi. The cultures were
incubated for six days at 27 ◦C and examined daily.

A bioassay of nematicidal activity was performed with Caenorhabditis elegans N2
(Carolina, U.S.A., https://www.carolina.com, accessed on 3 December 2022) fed with
Escherichia coli OP50 cells. The culture and synchronization of the worms was performed as
previously described [24]. The L4 stage was used for two different bioassays performed as
described previously [25]. In the slow killing assay, around 40 L4 C. elegans worms were
added to the nematode growth medium (NGM) agar plate containing the test bacteria.
The mixture was incubated for 3–5 days at 25 ◦C and inspected daily. In the liquid fast
killing assay, the test bacteria were grown overnight under shaking (200 rpm) at 37 ◦C in
3 mL liquid assay medium. 100 µL of the bacterial culture was diluted with 500 µL M9
medium, and transferred into 12 well plates. Each well was seeded with 40–60 L4 stage N2
nematodes, and the assay was performed at 25 ◦C for 24 h. Mortalities of nematodes were
defined as the ratio of dead nematodes over the tested nematodes.

Root-knot nematode Meloidogyne sp. was isolated from roots of infested pepper plants
according to [26]. Tomato plantlets were grown in pots with natural soil under controlled
conditions in a greenhouse. Test bacteria and second stage juvenile (J2) nematodes were
added to the pots two weeks after transplanting. The number of knots in tomato plants
was estimated ten weeks after infestation with the nematodes [27].

A plant growth promotion assay was performed with wild type Arabidopsis thaliana
(EDVOTEK, USA https://www.edvotek.com/, accessed on 3 December 2022) according
to [28]. The surface sterilized seeds were pre-germinated on Petri dishes containing half-
strength Murashige-Skoog medium semi-solidified with 0.6% agar and incubated at 22 ◦C
under long daylight conditions (16 h light/8 h dark) for seven days. The roots of Ara-
bidopsis seedlings were then dipped into a diluted spore suspension of the test bacteria
(105 CFU/mL) for five min., and five seedlings were transferred into a square Petri dish
containing half-strength MS-medium solidified with 1% agar. The square Petri dishes were
incubated in a growth chamber at 22 ◦C at a daily photoperiod of 14 h. The fresh weight
of the plants was measured 21 days after transplanting for estimation of the ability of
bacterial strains for growth promotion. All experiments were performed in triplicate and
the standard deviation SD was indicated as bars of the column diagrams.
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2.4. Identification of Gene Clusters Involved in the Synthesis of Secondary Metabolites

Gene clusters for secondary metabolite synthesis were mined using antiSMASH
pipeline version 6 [29] under settings of all features and BAGEL4 [30].

2.5. Data Analysis

The data obtained from biocontrol and plant growth promotion experiments were
analyzed by Statistic Analysis Systems (SAS) software. The results of three replicates
(n = 3) were expressed as SD (standard deviations). Significance was calculated with t-tests
using the ANOVA procedure according to Duncan at LSD = 0.05. Every experiment was
conducted using a completely random design. Excel software was used to create the
graphical representations.

2.6. Gene Bank Accession Numbers of DNA Sequences

Lysinibacillus sp. CD3-6 chromosome: CP085880.1, Lysinibacillus sp. CD3-6 extra DNA
(2485 bp): CP085881.1, Brevibacillus parabrevis HD3.3A chromosome: CP085874.1, Brevibacil-
lus parabrevis HD3.3A plasmid (61,606 bp): CP085875.1, Brevibacillus sp. DP1.3A chromo-
some: CP085876.1, Brevibacillus sp. DP1.3A plasmid 1 (44,610 bp): CP085877.1, Brevibacil-
lus sp. DP1.3A plasmid 2 (10,996 bp): CP085878.1, Brevibacillus sp. DP1.3A plasmid 3
(6349 bp): CP085879.1, Brevibacillus sp. M2.1A chromosome: NZ_JABSUY020000001.1,
NZ_JABSUY020000002.1, NZ_JABSUY020000004.1, Brevibacillus sp. M2.1A plasmid (19,434 bp):
NZ_JABSUY020000003.1.

3. Results and Discussion
3.1. Resequencing of Selected Lysinibacillus and Brevibacillus Strains Revealed the Presence of
Genomic Islands and Extrachromosomal Elements

Lysinibacillus sp. CD3-6, Brevibacillus parabrevis HD3.3A, Brevibacillus sp. DP1.3A,
and Brevibacillus sp. M2.1A were sequenced using nanopore sequencing technology. The
complete genome of Lysinibacillus sp. CD3-6 consisted of two DNA elements: a single
circular chromosome with 4,810,966 bps (CP085880.1), and a small DNA with 2485 bps
(CP085881.1). The total size of both DNA elements was 4,813,451 bps harboring 4833 coding
sequences. No genes with similarity to plasmid replication proteins were detected in the
small DNA element, excluding its definition as a plasmid. A circular plot of the CD3-6
chromosome (4,810,966 bps) computed against the most related genome (Lysinibacillus
sp. JNUCC-52) is shown in Supplementary Figure S1. CD3-6 was used as reference for
computing the core genome against a set of 15 Lysinibacillus genomes representing the
most related taxonomic groups (clusters A1-4, see Section 3.2). The core genome consisted
of 2733 coding sequences (CDS). The pan genome consisted of 9100 CDS. A total of 187
singletons were detected in CD3-6 when compared with the other 15 genomes (Table 1).
Genomic island (GI) prediction using the IslandViewer 4 webserver [17] revealed that the
CD3-6 genome was rich in putative genomic islands, mainly characterized by the presence
of site-specific integrases, HNH endonucleases, and phage proteins (Figure 1A). GI 1
(618,752–660,952) contained 31 genes including tnpA (IS200/IS605 family transposase) and
a tyrosine-type recombinase/integrase encoding gene. GI 4 (1,776,323–1,805,601) contained
39 genes including several phage proteins and a gene encoding FAD dependent thymidylate
synthase. A predicted class-ii lassopeptide was detected using the antiSMASH pipeline
version 6 [29] in GI 5. The largest GI predicted in CD3-6 was GI 8 (2,649,327–2,738,124)
harboring 119 genes including the type II toxin-antitoxin system (UED78437.1, UED78438.1)
encoded by hicA and hicB. HicAB modules appear to be highly prone to horizontal gene
transfer genes [31]. A complete list of the genes predicted in the CD3-6 GIs is given in
Supplementary Table S1.
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shows deviations of the average GC-content.

The chromosome of the isolate B. parabrevis HD3.3A (6,154,192 bp) is presented in
Supplementary Figure S2. HD3.3A was used as reference for computing the core genome
against representatives of the Brevibacillus-A5 branch (clusters 25–27, see Section 3.2). The
core genome consisted of 3044 CDS. The pan-genome consisted of 9438 CDS. A total of 166
singletons were detected in HD3.3A (Table 1).

Some 16 GIs were found to be distributed within the HD3.3A chromosome (Figure 1B).
They were enriched with transposases of different families, such as IS3, IS21, IS110, IS256,
Mu, TnsA, TnsD, Tns7, and site-specific integrases probably involved in horizontal gene
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transfer. An agrB gene probably involved in processing of cyclic lactone autoinducer
(AIP) was detected in GI 5. Phage genes were detected in several GIs of this strain. GI 15
(5,552,099–5,579,031) harbored a number of flagellar proteins, possibly affecting the motility
behavior of HD3.3A. (Supplementary Table S2).

B. parabrevis HD3.3A isolate harbored an 61 kb extrachromosomal element (GC:47.3%)
containing the gene for the plasmid segregation protein ParM (WP_173600040.1) with simi-
larity (41% identity) to the ParM protein (QYY44717.1) from Aneurinibacillus thermoaerophilus
plasmid pAT1, and ParM proteins common in the Bacillus cereus group [32]. In addition,
replicative DnaB helicase (WP_173600059.1), site-specific integrase (WP_229050018.1), and
several phage proteins were detected (Figure 2A).
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Genes (CDS) on + (1)/− strand (2); core genome, brown (3); GC-content (1000 bp window) above
mean: black, below mean: grey (4); GC Skew [(G-C)/(+C9] (1000 bp window), above mean: purple,
below mean: light green (5). (A): Plasmid 1 (B. parabrevis HD3.3A) computed against plasmid 1
(Brevibacillus sp. DP1.3A). (B): Plasmid 1 (Brevibacillus sp. DP1.3A) computed against plasmid 1 (B.
parabrevis HD3.3A). (C): Plasmid 2 (Brevibacillus sp. DP1.3A) computed against plasmid 3 (Brevibacillus
sp. DP1.3A). (D): Plasmid 3 (Brevibacillus sp. DP1.3A) computed against plasmid 2 (Brevibacillus sp.
DP1.3A).

The Brevibacillus sp. DP1.3A chromosome consisted of 6601 kb and displayed high simi-
larity with Brevibacillus Leaf182 (Supplementary Figure S3). For estimating the core and pan
genome, DP1.3A was computed against representatives of the Brevibacillus-A6 branch (clusters
28–35, see Section 3.2). The core genome consisted of 2607 CDs. The pan-genome consisted
of 15,934 CDs. A total of 365 singletons were detected in DP1.3A (Table 1). Fourteen GIs
were predicted in the chromosome of DP1.3A (Figure 1C). Three GIs contained gene clusters
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probably involved in the synthesis of secondary metabolites. GI 1 (50,050–55,329) harbored
two genes involved in the synthesis of lanthipeptide class-ii peptides. GI 3 (805,782–878,612)
harbored a gene cluster probably involved in the synthesis of macrobrevin [9]. Genes involved
in the synthesis of a cyclic lactone autoinducer peptide (TIGR04223) were detected in GI 6
(2,311,687–2,324,264). An unknown NRP-PK hybrid scaffold was probably synthesized by
genes present in GI 9 (3,310,924–3,397,894). In addition, GI 9 harbored a complete type I DNA
restriction-modification system (Supplementary Table S3).

Brevibacillus sp. DP1.3A harbored three extrachromosomal elements (ECEs). The
circular 44 kb DNA element (GC content: 43.9%, Figure 2B) displayed similarity with
the HD3.3A plasmid, and also contained the parM gene (67.5% identity). In total, both
parM containing plasmids shared 13 CDS including site-specific integrase, and dUTP
diphosphatase. The circular 11 kb DP1.3A plasmid DNA (Figure 2C) encodes the replication
initiator protein Rep (WP_173621461.1) involved in DNA-binding and the rolling circle
replication of high-copy plasmids [33]. Notably, WP_173621461.1 shared high similarity
(88.43% identity) with the Rep63 protein (HAJ4019592.1) from the E. coli isolate LA106_16-
0310. Present in this plasmid was also a gene encoding the MobA/MobL mobilization
protein UED78114.1, which is essential for conjugative plasmid transfer [34]. The protein
resembled (74.7% identity) the MobA/MobL family protein of the gamma proteobacterium
Xanthomonas arbicola (WP_080960787.1). A third ECE, 6349 bp in size, harbored a similar
Rep protein gene as detected in plasmid 2 (Figure 2D).

The Brevibacillus sp. M2.1A chromosome (6300 kb) was found to be closely related to
the Brevibacillus brevis strain 12B3 (Supplementary Figure S4). Computing with the other
members of the Brevibacillus-A6 branch yielded 3295 core genes. The pan genome was
formed by 13,428 genes. The M2.1A genome contained 113 singletons (Table 1). In contrast
with DP1.3A, the GIs detected in the M2.1A chromosome (Figure 1D) did not harbor genes
involved in the synthesis of secondary metabolites. A complete thioredoxin system with
thioredoxin, thioredoxin-disulfide reductase, and thiol peroxidase was detected in GI 13
(Supplementary Table S4). This system might enable M2.1A to respond efficiently against
oxidative stress [35].

M2.1A harbored low-copy plasmid DNA (size: 19,434 bps, GC content: 42.0%), whose
partition might be governed by the plasmid partition protein A [36] (Table 1). The ParA
family protein (MCC8438707.1) shared the highest similarity with the AAA family ATPase
from Brevibacillus borstelensis (WP_251238174.1, 93.49% identity). In addition, the plasmid
also shared partial sequence similarity (16% of their total length) with the low-copy plasmid
from Brevibacillus sp. DP1.3A (CP085878).

Table 1. Extrachromosomal elements and general genomic features of Lysinibacillus sp. CD3-6, B.
parabrevis HD3.3A, Brevibacillus sp. DP1.3A, and Brevibacillus sp. M2.1A. Methods used for generating
the data are set in brackets (PGAP = RefSeq, EDGAR). The origin of replication (oriC) was estimated
with Ori-Finder 2022 (http://tubic.tju.edu.cn/Ori-Finder2/, accessed on 3 December 2022) [37].
Calculation of core and pan genomes was performed as described in the text (Section 3.1). The protein
features estimated with RAST are presented in Supplementary Table S5.

Genus Lysini-bacillus Brevibacillus

Strain CD3-6 HD3.3A DP1.3A M2.1A

Extrachrosomal elements (ECE)

CP085881 2485 bp CP085875 61,606 bp
ParM-like segregation

CP085877 44,610 bp
ParM-like segregation

JABSUY020000003
19,434 bp ParA

CP085878 10,996 bp
Rep, RC replication,

MobA/L

CP085879 6349 bp

Genomic features

164



Microorganisms 2023, 11, 168

Table 1. Cont.

Genus Lysini-bacillus Brevibacillus

Strain CD3-6 HD3.3A DP1.3A M2.1A

chromosome CP085880 CP085874 CP085876 JABSUY020000001

Genome size (bp) 4,810,966 6,154,192 6,601,295 6,172,625

Replication origin (oriC) 4,810,413 . . . 4,810,966 6,153,310 . . . 6,154,192 6,600,712 . . . 6,601,295 570,707 . . . 571,289

G+C % 37.1 52.1 47.4 47.4

Number of genes (PGAP) 4794 5819 6203 5956

Genes coding (PGAP) 4589 5570 5960 5728

CDSs total (PGAP) 5331 5661 6030 5783

CDS core genome (EDGAR) 2733 3044 2607 3295

CDS pan genome (EDGAR) 9100 9438 15,934 13,428

CDS singletons (EDGAR) 187 166 365 113

Number of RNAs (PGAP) 149 173 168 166

rRNAs (5S, 16S, 23S, PGAP) 37 38 41 41

tRNAs (PGAP) 112 130 127 106

ncRNAs (PGAP) 5 5 5 5

Pseudo genes (PGAP) 51 76 70 55

3.2. Taxonomic Evaluation of Lysinibacillus and Brevibacillus Strains Revealed Novel Genomospecies
3.2.1. Lysinibacillus CD3-6 Forms a Distinct Genomospecies Together with
Lysinibacillus JNUCC-52

The 16S rRNA gene sequence was extracted using the TYGS server from the whole
genome sequence of CD3-6 and used for phylogenetic analysis. We have also directly
sequenced the 16S rRNA of CD3-6, which was deposited in the NCBI data base as
MW820197.1. Both sequences differ by only one nucleotide. The resulting tree indicated a
single species cluster formed by CD3-6 with Lysinibacillus sphaericus as the closest related
species (Supplementary Figure S5). In order to exclude the possibility that the type of
strains without known genome sequences, but more related to CD3-6, escaped our analysis,
we performed a BLASTN-supported search (https://blast.ncbi.nlm.nih.gov, accessed on 3
December 2022) for related 16S rRNA sequences. However, no 16S rDNA sequences with
more similarity than L. sphaericus (99.61%) were detected.

Since16S rRNA sequences are often not sufficient for species discrimination, we used
the genome sequences for taxonomical strain identification. We started our analysis with
the CD3-6 genome (CP085880) and 112 Lysinibacillus genomes obtained from the NCBI
data bank. The phylogenetic tree (Figure 3) suggested that the members of the Lysini-
bacillus genus can be divided into two major groups, A and B. Group B members were
not always representatives of the Lysinibacillus genus, but were often classified as rep-
resentatives of different Ureibacillus species. Thus, group B seemed to be heterogenous,
and to contain different genera. Group A contained Lysinibacillus genomes related to the
type strain Lysinibacillus sphaericus DSM 28 [10], formerly Bacillus sphaericus. Based on the
cut-off values for species delineation using ANI (96%) and dDDH (70%) [38], 24 clusters
(A1–A24) were distinguished (Supplementary Table S6). Ten of the clusters contained
type strains of recognized Lysinibacillus species, but most of the clusters (14) did not
contain type strains, and represented according to the definition given by EZBioCloud
(https://help.ezbiocloud.net/genomospecies/, accessed on 3 December 2022) for unnamed
genomospecies consisting of so far unclassified or wrongly labelled Lysinibacillus genomes.

The type strain Lysinibacillus sphaericus DSM 28 was classified as being a member of
cluster A4. Due to its genome sequence, Lysinibacillus sp. CD3-6 was assigned to belong to
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cluster A2 when using a 70% dDDH radius around each of the 13 Lysinibacillus type strains
(Figure 3B).

The type strains most related to CD3-6, Lysinibacillus sphaericus KCTCC 3346, Lysini-
bacillus tabacifolii K3514, and Lysinibacillus mangiferihumi, possessed dDDH values (d4) far
below of the species cut off (dDDH < 70, Supplementary Table S6). We conclude that
CD3-6 represents, together with Lysinibacillus JNUCC-52, a novel genomospecies distin-
guished from the L. sphaericus species cluster. It should be noted that L. mangiferihumi, L.
tabacifolii, and L. varians were recently characterized as later heterotrophic synonyms of L.
sphaericus [39], and do not represent valid species.
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calculated by EDGAR using the Fast Tree software (http://www.microbesonline.org/fasttree/,
accessed on 3 December 2022) and drawn by iTOL. Type strains are labelled in blue letters. Strains,
previously misidentified as Lysinibacillus and now reclassified as representatives of other species, are
labelled in brown. The tree harbored two main branches. Branch A contains the species related to
Lysinibacillus sphaericus, whilst branch B contains the species which are more remote from L. sphaericus.
The tree was built out of a core of 156 genes per genome, for a total of 17,628. The core has 58,525 AA-
residues/bp per genome, for a total of 6,613,325. (B). Lysinibacillus tree inferred with FastMe 2.1.6.1
from GBDP distances calculated from whole genome sequences using the Type (Strain) Genome
Server TYGS (https://tygs.dsmz.de, accessed on 3 December 2022). The tree consisted of 26 species
and 28 subspecies clusters. Analysis was performed using both Maximum Likelihood and Maximum
Parsimony. The numbers above the branches are GBDP pseudo-bootstrap support values >60%
from replications, with an average branch support of 66.0%. Genomospecies according to (A) are
indicated. The first two colored columns to the right of each name refer to the genome-based species
and subspecies clusters, respectively, as determined by dDDH cut-off of 70 and 79%, respectively. The
GTDB species are indicated at the right. The clustering yielded 16 species clusters and strain CD3-6
(labelled in red) was assigned together with JNUCC-52 as novel genomospecies (A2, Lysinibacillus
sp002340205). Type strains are labelled in blue letters. The tree was rooted at the midpoint.

The extended analysis of whole-genome similarity by their Average Nucleotide Iden-
tity (ANI) corroborated the division of the Lysinibacillus group A into 24 species clusters
(Supplementary Table S6, Supplementary Figure S7). Except clusters A21 and A22, all
remaining clusters could be assigned to the genomospecies described in the genome
taxonomy database (GTDB) release 07-RS207 (8 April 2022, [40]. The clusterA2 with Lysini-
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bacillus CD3-6 together with Lysinibacillus JNUCC-52 was assigned as being Lysinibacillus
sp002340205 following the GTDB taxonomy [41]. Average nucleotide identity and aligned
nucleotides [%] were determined using JSpecies (https://jspecies.ribohost.com/, accessed
on 3 December 2022) [42]. The method was based on a BLASTN comparison of the genome
sequences [43].

3.2.2. Novel GS Were Assigned for Plant-Associated Brevibacillus Isolates

The phylogenomic tree constructed with 134 Brevibacillus genomes, including the
eleven Brevibacillus isolates obtained from Vietnamese crop plants, demonstrated that three
different major clusters (A, B, C) can be distinguished (Figure 4). Group B consisted of
Brevibacillus laterosporus strains, whilst group A was formed by representatives of Brevibacil-
lus brevis and their closest relatives. Within group A, six major branches with a total of
23 clusters were distinguished. Only 14 of those clusters were covered by type strains,
whilst nine clusters represent novel genomospecies without validly recognized type strains.
The majority of strains obtained from Vietnamese crop plants clustered within the Bre-
vibacillus A group at branch 6. Only the putative B. parabrevis strains HD3.3A and HD1.4A
clustered within branch 5 (Supplementary Table S7). A third cluster, group C, appeared as
a heterogenous group of Brevibacilli, displaying a distant relationship to each other and to
the other representatives of the Brevibacillus taxon (Figure 4A).

According to the analysis routine performed by the Type (Strain) Genome Server
(TYGS), five of the Vietnamese Brevibacillus isolates clustered together with valid recognized
type strains. The Brevibacillus strains HD1.4A, and HD3.3A were assigned as B. parabrevis,
and HB1.1, HB1.2, HB1.4B formed a cluster with the B. porteri type strain. The remaining
six isolates did not cluster together with validly published type strains and most likely
represent four novel GS. Brevibacillus sp. RS1.1, HB2.2, and HB1.3 clustered together within
one putative novel species cluster, but split into two different subspecies. Two distinguished
novel species cluster were formed by Brevibacillus sp.: DP1.3A and M2.1A. Another novel
GS was formed by Brevibacillus MS2.2 together with Brevibacillus sp. Leaf182, isolated from
Arabidopsis phyllosphere [9] (Figure 4A).

The ANI was proposed to replace classical DNA-DNA hybridization (DDH) as the
method for prokaryotic species circumscription in 2009 [45]. The FastANI heatmap con-
structed with the Brevibacillus group A genomes (Supplementary Figure S8) corroborated
that the clusters presented in the phylogenomic tree (Supplementary Figure S9) correctly
reflected their taxonomic relationship down to species level when using the cut-off level
(95–96%) recommended for interspecies identity [43]. In addition, we have aligned our
data with the most recent release of the Genome Taxonomy Database (GTDB) [40] (Release
07-RS207 (8 April 2022), and also found appropriate designations used in Supplementary
Figure S8 in case of clusters not covered by recognized type strains. According to the
classification given by ANI, dDDH, and GTDB, the query Brevibacillus isolate genomes
were clustered as follows:

1. Strains HD1.4A and HD3.3A represented the Brevibacillus parabrevis species cluster (GS
A5-25). They only shared ANIb values of ≤85% with the other group A Brevibacillus
clusters.

2. The Brevibacillus porteri species cluster (GS A6-31) was formed by HB1.1, HB 1.2,
and HB1.4B. Their ANIb-values (92–93%), when compared with the other “brevis”
group strains, were below the species cut-off level (95–96%) recommended as the ANI
criterion for interspecies identity.

3. The same was true for HB1.3, HB2.2, and RS1.1 forming together with other genomes
GS A6-33. The cluster was designated according to the GTDB classification, as Bre-
vibacillus brevis D and did not contain a type strain.

4. Strain MS2.2 formed together with Leaf182 the GS A6-29, designated as Brevibacillus
brevis C. Their ANI values were found below 93% when compared with the most
related clusters of the A6-branch.
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5. Brevibacillus sp. DP1.3A shared a common cluster (A6-30) with the genome of Bre-
vibacillus sp. BC25. The GTDB classification of this cluster was s_Brevibacillus sp.
000282075.

Brevibacillus sp. M2.1A formed the unique GS A6-34 as a single strain, which was
found to be most related to the Brevibacillus formosus cluster (GS A6-35). However, ANIb
values estimated when compared with this cluster were found to be below the species
cut-off (<96%). The GTDB classification of this cluster was s_Brevibacillus sp. 013284355.
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Figure 4. (A). Approximately-maximum-likelihood phylogenetic tree for 134 Brevibacillus genomes
using the FastTree software accessible within the EDGAR package 3.0 [16]). Brevibacilli investigated
in this study are labelled in red letters. The tree was built out of a core of 495 genes per genome,
for 66,330 in total. The core has 167,683 AA-residues/ bp per genome, 15,461,980 in total. To
construct a phylogenetic tree for a project, the core genes of these genomes are computed. In a
following step, alignments of each core gene set are generated using MUSCLE, and the alignments
are concatenated to one huge alignment. (B). Brevibacillus tree inferred with FastMe 2.1.6.1 [44] from
GBDP distances calculated from whole genome sequences using the Type (Strain) Genome Server
TYGS (https://tygs.dsmz.de, accessed on 3 December 2022). Analysis was performed using both
Maximum Likelihood and Maximum Parsimony, with 14 type strains (labelled in blue letters) and
48 additional genome sequences including the Brevibacillus strains isolated from Vietnamese crop
plants (labelled by red letters). The numbers above branches are GBDP pseudo-bootstrap support
values >60% from replications, with an average branch support of 85.1%. The first column to the
right of each name refers to the genome-based species according to the nomenclature given in (A).
Species and Subspecies cluster (columns 2 and 3) are characterized by dDDH cut-off values of 70
and 79%, and ANI values of 96 and 98%, respectively. A total of 15 GTDB species clusters could be
distinguished. The tree was rooted at the midpoint.

The strains including their corresponding GS are summarized in Supplementary Table S7
and Supplementary Figure S9, and were used for bioassays of their ability to control plant
pathogens and to promote plant growth, as described in the next section.
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3.3. Plant-Associated Brevibacilli Promote Plant Growth and Suppress Plant Pathogens

Our in vitro bioassays demonstrated that the Brevibacillus strains did efficiently inhibit
the growth of phytopathogenic bacteria, fungi, and nematodes (Supplementary Table S8).

3.3.1. Antagonistic Activity against Gram-Positive and Gram-Negative Bacteria

Antagonistic activity against bacteria was indicated by inhibition zones around filter
discs containing the test bacteria. The filter discs were placed onto soft agar mixed with the
Gram-positive bacterium Clavibacter michiganensis, the causative agent of ring-rot in potato
tubers. Antibiosis was demonstrated with all tested representatives of the Brevibacillus taxon
independent of whether cells or supernatants were used. Inhibition zones appeared after
one day and increased steadily during the whole period of observation. Brevibacillus sp.
HB2.2, Brevibacillus sp. RS1.1, B. porteri HB1.4B, and Brevibacillus sp. DP1.3A were among
the strains with the highest antagonistic activity against Clavibacter michiganensis. However,
the antagonistic activity of Lysinibacillus CD3-6 was hard to detect (Figure 5).
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natants indicated by clearance zones around the test bacteria.

Xanthomonas campestris, the causative agent of bacterial leaf spot disease in pepper,
was used as an indicator of antagonistic activity. The largest growth inhibition showed
B. porteri HB1.1, Brevibacillus DP1.3A, and Brevibacillus M2.1A. Corresponding to the results
obtained with C. michiganensis, Lysinibacillus CD3-6 did not suppress the bacterial plant
pathogen (Supplementary Table S8).
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The Gram-negative plant pathogens Dickeya solani and Erwinia amylovora (causative
agent of fire blight disease at orchard trees) were also used as indicators for antago-
nistic activity. This ruled out the possibility that the Gram-negative bacteria were less
inhibited by the Brevibacillus strains as the Gram-positive bacterium C. michiganensis.
Brevibacillus sp. RS1.1, Brevibacillus sp. MS2.2, B. porteri HB1.4B, and Brevibacillus DP1.3A
inhibited the growth of Dickeya solani and Erwinia amylovora after an incubation period of
two or three days, but their inhibition zones were relatively small. Brevibacillus sp. HB2.2,
B. parabrevis HB2.2, and HD1.4A did not apparently inhibit the growth of both Gram-
negative pathogens, suggesting that Brevibacilli were more efficient against Gram-positive
bacteria (Supplementary Figure S10).

3.3.2. Antifungal Activity

Antifungal activity was examined in vitro using four different Fusarium species (F. oxys-
porum, F. culmorum, F. poae, F.graminearum) known for causing fusarium wilt disease [46],
and Aspergillus niger (‘black mold’). Lysinibacillus sp. CD3-6 was found to be inefficient
against most of the Fusarium strains, but the Brevibacillus strains did suppress the growth
of all phytopathogenic fungi and the oomycete P. palmivora, one of the most detrimental
plant pathogens in Vietnam [47]. B. porteri HB1.4B, Brevibacillus sp. DP1.3A, Brevibacillus sp.
RS1.1, and Brevibacillus sp. MS2.2 displayed strong inhibiting effects against F. poae, and to a
minor degree against F. culmorum. F. graminearum was less sensitive, but was still inhibited by
Brevibacilllus sp. HB2.2 and Brevibacilllus sp. RS1.1 (Supplementary Figure S11).

3.3.3. Nematicidal Activity

Root-knot nematodes, such as Meloidogyne spp., are one of the most important plant
pathogens in tropical and temperate agriculture, and are responsible for significant harvest
losses of main Vietnamese crops, such as coffee and black pepper [48]. In order to analyze
the antagonistic activity of the Brevibacillus strains and Lysinibacillus CD3-6, we first tested
their suppressing effect against the model nematode Caenorhabditis elegans. Fast and slow
death rates were estimated in a bioassay under laboratory conditions. This ruled out the
possibility that the Brevibacillus strains were much more efficient than Lysinibacillus sp. CD3-
6. Brevibacillus sp. M2.1A displayed the highest killing effect against C. elegans (Figure 6A).
In order to examine the suppressing effects against phytopathogenic nematodes more
directly, we isolated a representative strain of Meloidogyne sp. directly from the galls
of infested black pepper plant roots according to the hypochlorite procedure [49]. The
suppressing effect exerted by the test bacteria on disease development was examined in a
greenhouse experiment. Ten weeks after the transplanting of the tomato plantlets in soil,
the formation of root knots was visually registered and used as a measure for calculating
the disease index according to [27]. The Brevibacillus strains were found to be efficient in
reducing the disease severity to around 50% and less compared to the untreated control.
Again, Brevibacillus M2.1A performed the best, whilst Lysinibacilllus sp. CD3-6 was found
to be less efficient than all tested Brevibacillus strains (Figure 6B).

Whilst reports about the biocontrol action of Bacillus ssp., such as B. firmus [50], B.
velezensis former B. amyloliquefaciens [25], B. cereus, B. thuringiensis, and B. subtilis [51] are
increasing, to the best of our knowledge we present here the first report on the nematicidal
activity of Brevibacilli against root-knot nematodes.
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Figure 6. Nematicidal activity of Brevibacillus strains and Lysinibacillus CD3-6. (A): Bioassay with
Caenorhabditis elegans. Slow killing activity was determined on NGM plates, and fast killing activity
in liquid medium. (B): Tomato plants were infested with the root-knot nematode Meloidogyne sp. and
the root-knot-forming rate in the presence and absence of the bacterial strains was estimated after
10 weeks growth of the tomato plants under controlled conditions in a greenhouse. All experiments
were carried out with three independent repetitions and a completely randomized design. Different
letters at each treatment indicate the significance between inoculated and uninoculated conditions at
the p ≤ 0.05 level after the t-test.

3.3.4. Plant Growth Promotion

We examined the effect of the Brevibacillus strains and Lysinibacillus CD3-6 in the
Arabidopsis thaliana biotest system [28]. Several Brevibacillus strains enhanced the growth of
the Arabidopsis seedlings in a considerable manner (Figure 7, Supplementary Table S9).

The highest increase in plant biomass was obtained for B. porteri HB1.2 (38.83%), B.
parabrevis HD3.3A (34.93%), B. porteri HB1.1 (30%), and B. parabrevis HD1.4A (27.69%).

The above phenotypic experiment proved that plant-associated Brevibacillus strains
isolated from Vietnamese crop plants are able to positively interact with Arabidopsis plants,
and to stimulate their growth in the range previously reported for the prototype of the
Gram-positive plant-growth-promoting rhizobacteria, Bacillus velezensis FZB42 [52].
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3.4. Genome Mining for Putative Natural Product Biosynthesis Gene Clusters

The identification of biocontrol actions directed against phytopathogenic bacteria,
fungi and nematodes prompted us to investigate the biosynthetic potential of the isolates
using either their draft or their full genome sequences. Antimicrobial compounds belong to
structurally diverse groups of molecules, such as nonribosomal peptides (NRP) and polyke-
tides (PK), and ribosomally synthesized and posttranslationally modified peptides [53].
The antiSMASH 6.0 version [29] was used for the prediction and annotation of the biosyn-
thetic gene clusters (BGCs). The antiSMASH results were subsequently compared against
the MIBiG database [54] in order to identify characterized and uncharacterized BGCs. In
total, 151 BGCs in the 11 Brevibacillus isolates, and 6 BGCs in Lysinibacillus sp. CD3-6 were
identified and separated into nine distinct classes (Supplementary Table S10). A total of
36 of them were not detected in the MIBiG database and might encode the biosynthesis
of uncharacterized secondary metabolites. The edeine gene cluster, previously detected
in Brevibacillus brevis Vm4 and X23 [55], but not listed in the MIBiG databank, was found
to be widely distributed in the Brevibacillus spp. strains. A variant of another modular
PK-NRP hybrid, Paenilipoheptin, recently described in Paenibacillus polymyxa E681 [56],
was detected for the first time in the genus Brevibacillus.

3.4.1. Gene Clusters Encoding Modular and Nonmodular Polyketides

Genes with more than 90% similarity to the gene cluster encoding the non-ribosomal
synthesized polyketide macrobrevin [9] were detected in five of the Vietnam Brevibacillus
strains (Supplementary Table S11). Generally, polyketides are synthesized by giant polyke-
tide synthases in a non-ribosomal manner [57]. Similar to the gene cluster in Brevibacillus
Leaf182 (BGC0001470), Brevibacillus sp. strains DP1.3A and HB1.3 contained the complete
set of 15 modules, whilst strains MS2.2, HB2.2, and RS1.1, harboring only 12 modules,
did probably encode truncated versions of the polyketide (Supplementary Figure S12).
Macrobrevin displays a unique polyketide structure, and was shown to be active against
leaf colonizing Bacillus strains [9].

Gene clusters with weak similarity to the nonmodular Type III PKS gene cluster
(BGC0001964) were detected in most Brevibacilllus strains, and also in Lysinibacillus sp. CD3-
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6 (Supplementary Table S11). Type III PKSs produce a large number of aromatic natural
compounds in plants, fungi and bacteria. They catalyze the condensation of coenzyme
activated starter units with (methyl)malonyl-CoA extender units by decarboxylative Claisen
condensations [58]. A type III PKS chalcone synthase has been described in Streptomyces
griseus [59] and other Gram-positive bacteria such as B. subtilis [60].

3.4.2. Non-Ribosomal-Synthesized Antimicrobial Peptides (NRP)

Gene clusters exhibiting similarity with the genes encoding the well-known NRPs ty-
rocidine (BGC0000452), gramicidin (BGC0000367), and marthiapeptide (BGC0001469) were
detected in different Brevibacillus strains isolated from Vietnam crop plants (Supplementary
Table S11). NRPs are secondary metabolites which are synthesized through giant multi-
modular peptide synthetases [61].

The three genes tycA, tycB, and tycC encoding the cyclic ß-sheet decapeptide ty-
rocidine (C66H87N13O13) were detected in the 11 Brevibacillus strains representing the
species B. parabrevis, B.porteri and four novel genomospecies (Supplementary Table S11).
The gene clusters widely resembled the tyrocidine gene cluster from Brevibacillus brevis
ATCC8185 [62]. Except for the adenylation domains present in modules 3 and 4, the other
eight modules were found highly conserved in all Brevibacillus strains (Supplementary
Figure S13). This corresponds to the structures reported for tyrocidine A, B and C bearing
residues Phe3/4, Phe3/Trp4, and Trp3/4, respectively. The membrane effective antibiotics
kill Gram-positive bacteria such as Bacillus subtilis and Staphylococcus aureus [63].

Gene clusters, similar to the four gene cluster (lgrA-lgrB-lgrC-lgrD) described by [64] as
being involved in non-ribosomal synthesis of the linear gramicidin peptides, were detected
in B. parabrevis HD1.4A and HD3.3A, Brevibacillus sp. DP1.3A, HB2.2, RS1.1, and M2.1A
(Supplementary Table S11). The complete gene clusters present in B. brevis (AJ566197), B.
parabrevis HD3.3A (CP085874.1) HD1.4A (JABSUW010000001), and Brevibacillus sp. DP1.3A
(CP085876) were characterized by a formylation (F) domain in the first module (lgrA)
and a final reductase (TD) domain in the last module (lgrD). Two different types were
distinguished (Figure 8, Supplementary Figure S14). The gramicidin gene clusters in B.
parabrevis HD1.4A and HD3.3A containing 16 modules were identical with the correspond-
ing 74 kb lgr gene cluster in B. brevis ATCC 8185 (AJ566197). The product of the lgr gene
cluster in ATCC 8185 is characterized as a linear gramicidin pentadecapeptide consist-
ing of 15 hydrophobic amino acid residues with an alternating L- and D-configuration
forming a β-helix-like structure. Module 16 is predicted to activate alanine (according
to our antiSMASH prediction) or glycine (according to [64]), and subsequently to reduce
alanine/glycine. Finally, N-formyl-pentadecapeptide-ethanolamine is released from the
LgrD enzyme [64].

Surprisingly, we detected a novel variant of the gramicidin gene cluster in Brevibacillus
sp. DP1.3A (GS A6-30) containing two additional modules in the 3′-region of the lgrB gene
(Figure 8). Their adenylation domains were coding for Ala and D-Val, and the modules
seem to be caused by a partial duplication in the 3′-region. We hypothesize that the 18-
module gene cluster is coding for a linear heptadecapeptide (N-formyl-heptadecapeptide-
ethanolamine) containing two additional amino acid residues, Ala and D-Val, in position 7
and 8. Other Brevibacillus strains harbored truncated forms of both gramicidin gene cluster
variants. A truncated pentadecapeptide variant was detected in Brevibacillus sp. RS1.1,
whilst gene clusters encoding truncated heptadecapeptides were detected in Brevibacil-
lus sp. HB2.2, and MS2.2, belonging to genomospecies A6-33, and A6-34, respectively
(Supplementary Table S11). Since the truncated gramicidin gene clusters were predicted
from draft genomes (WGS), we cannot exclude the possibility that the deletions are due
to incomplete sequences. The gramicidin gene cluster present in the MIBiG data bank,
BGC0000367 (AP008955.1), was identified as a 13-module gene cluster bearing a 3′ deletion
in the lgrD gene, probably encoding a truncated variant of the heptadecapeptide (Sup-
plementary Table S11, Supplementary Figure S14). We propose to replace BGC0000367
by the gramicidin gene clusters from B. brevis ATCC8185, encoding the complete grami-
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cidin pentadecapeptide, and Brevibacillus sp. DP1.3A, encoding the putative gramicidin
heptadecapeptide.

Brevibacillus sp. MS2.2. harbored a gene cluster with high similarity to marthiapeptide
(BGC0001469), a gene cluster recently detected in Brevibacillus Leaf182 [9] (Supplementary
Table S11, Supplementary Figure S15). The polythiazole cyclopeptide marthiapeptide
was first described in Marinactinospora thermotolerans and shown to inhibit Gram-positive
bacteria and cancer cells [65].
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in Brevibacillus genomes by antiSMASH. (A): Two types of gramicidin gene clusters were detected
in the Brevibacillus isolates: a 16-module gene cluster in B. parabrevis HD1.4A encoding a putative
N-formyl-pentadecapeptide-ethanolamine, and an 18-module gene cluster in Brevibacillus sp. DP1.3A
encoding a putative N-formyl-heptadecapeptide-ethanolamine. (B): The gene cluster located in region
15 (4,380,935–4,341,529) of Brevibacillus sp. DP1.3A resembled BGC0001728, and is possibly involved in
the non-ribosomal synthesis of paenilipoheptin in Paenibacillus polymyxa E681. Different modules are
labelled in red. NRPS/PKS domains are indicated by filled circles. A: adenylation, C: condensation,
CAL: co-enzyme A ligase, E: epimerization domain, KS: ketosynthase domain, T: thiolase.

3.4.3. Gene Clusters Encoding PK-NRP Hybrids

Gene clusters, exhibiting high similarity to the edeine gene cluster in Brevibacillus
brevis Vm4 (Supplementary Figure S16B), were detected in nearly all the Brevibacillus
strains representing B. porteri (HB1.1, HB1.2, HB1.4B), and novel genomospecies such as
A6-29 (MS2.2), A6-30 (DP1.3A), A6-33 (HB1.3, RS1.1), and A6-34 (M2.1A), but not in the
B. parabrevis strains (Supplementary Table S11). The six genes edeP, edeN, edeL, edeK, edeJ,
and edeI encode NRPS and PKS-NRPS hybrids involved in the non-ribosomal synthesis
of the atypical cationic edeine peptides (Supplementary Figure S16A). Edeines contain a
ß-Tyr or a ß-Phe residue at the N-terminus and a spermidine-polyamine structure at the
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C-terminus, flanking five non-proteinogenic amino acids in the central part (Supplementary
Figure S14A). Edeine is a broad-spectrum antimicrobial agent acting against bacteria and
fungi. DNA synthesis is inhibited at low concentrations <15 µg/mL [66]. Despite the fact
that edeines have been discovered as early as 1959 [67], corresponding gene clusters have
not been deposited in the MIBiG data bank until now.

Interestingly, we found a gene cluster in Brevibacillus sp. DP1.3A, which strongly
resembled the phn gene cluster in Paenibacillus polymyxa E681 (BGC0001728). The phn gene
cluster is possibly involved in the non-ribosomal synthesis of the cyclic lipoheptapeptide
paenilipoheptin [56]. Both gene clusters contain eight modules (Supplementary Table S11).
The first module is involved in fatty acid synthesis, while the remaining modules, con-
taining seven adenylation domains, were predicted to be responsible for the synthesis of a
seven-member peptide chain containing D-ser- (1), D-phe- (5), tyr- (6), and glu-residues (7)
(Figure 8B). The structure of paenilipoheptin synthesized by P. polymyxa was elucidated by
MALDI-LIFT TOF/TOF MS as being C13-ß-NH2-FA—Ser (1)—Dab (2)—Trp (3)—Val (4)—Phe
(5)—Tyr (6)—Glu (7) [56], which is compatible with the predicted structure of the gene cluster
detected in Brevibacillus DP1.3A (Supplementary Figure S17). A thioesterase domain at the 3′

end of the phnE gene was missing in both gene clusters, indicating that cyclization might be
accomplished by a free-standing TE enzyme as proposed by Vater et al. [56].

3.4.4. Gene Clusters Representing RiPPs, and Bacteriocins

In contrast to polyketides and peptides, which are synthesized independently from
ribosomes, numerous secondary metabolites with antimicrobial activity such as RiPPs
(ribosomally synthesized and posttranslationally modified peptides) and (unmodified)
bacteriocins are synthesized by a ribosome-dependent mechanism. Several groups are
distinguished [68]. Some of them, such as lassopeptides, LAPs, lanthipeptides, UviB
peptides, and sactipeptides, were detected applying the antiSMASH and BAGEL4 [30]
toolkits in the Brevibacillus isolates and/or the Lysinibacillus sp. CD3-6 strain (Figure 9).

Many RiPP biosynthetic proteins recognize and bind their cognate precursor peptide
through a domain known as RiPP recognition element (RRE) [69]. The detection of RRE
domains can be helpful in identifying gene clusters involved in the synthesis of novel
classes of RiPPs [70], but does not necessarily identify a specific category of RiPPs. RRE
containing domains with weak similarity to Pantocin-Microcin RRE (BGC 0000585) were
found in nearly all Brevibacillus strains, but they were not associated with other genes
involved in RiPP synthesis. In contrast, the gene for the lassopeptide RRE domain protein
in Lysinibacillus sp. CD3-6 was associated with the genes encoding the lassopeptide class
ii core (leader) peptide with a putative macrolactam sequence, and the lasso peptide
biosynthesis B2 protein (Supplementary Table S12).

Gene clusters encoding linear azol(in)e-containing peptides (LAPs) were detected in
all 11 Brevibacillus isolates, and Lysinibacillus CD3-6 (Supplementary Table S12). Most of
them were identified as being members of the TOMM class (thiazole/oxazole-modified
microcins) characterized by a gene cluster consisting of a cyclodehydratase gene and as-
sociated genes encoding dehydrogenase and a maturation protein. A gene encoding a
TOMM precursor leader peptide was detected upstream of these three genes (Supple-
mentary Figure S16). Typically, the TOMM precursor leader peptides were characterized
by a homologous leader region and then a region enriched with Cys residues, a feature
of the hetero-cycloanthracin/sonorensin family [68]. This type of thiopeptide encoding
gene was detected in representatives of the Brevibacillus genomospecies 25, 29, 31, and 33
(Supplementary Table S12). Different sequences encoding TOMM leader peptides enriched
with Val-Ala or Ser were detected in Brevibacillus parabrevis (GS 25), Brevibacillus sp. DP1.3A
(GS 30), and Brevibacillus sp. M2.1A (GS34) (Supplementary Table S12). The LAP gene
cluster in Lysinibacillus CD3-6 encoded a SagB/ThcOx family dehydrogenase, and a YcaO-
like family protein, but did not possess genes encoding maturase and precursor peptide
proteins.
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Ripps similar to Linocin M18 were found in all Brevibacillus GS (Supplementary
Table S12). The Linocin_M18 bacteriocin, first isolated from Brevibacterium linens M18 by
Valdez-Stauber and Scherer [71], inhibits Gram-positive bacteria. These widely distributed
proteins, referred to as encapsulins, form nano-compartments within the bacterium which
contain ferritin-like proteins or peroxidaseenzymes. Lanthipeptides are defined by the
presence of ß-thioether cross-links, which are generated by the posttranslational modifica-
tion of Ser/Thr and Cys residues [72]. Best studied are class I and class II lanthipeptides,
which are modified by different dehydratases (LanB or LanM) and cyclases. Gene clusters
encoding class I lanthipeptides were detected in two representatives of Brevibacillus GS
A6-33 (HB1.3, RS1.1) and GS A6-34 (M2.1A) (Supplementary Table S12, Supplementary
Figure S19). Genes involved in synthesis and posttranslational modification of class II
lanthipeptides were only detected in Brevibacillus DP1.3A, a representative of GS A6-30
(Supplementary Figure S20). Gene clusters for biosynthesis of class III lanthipeptides were
detected in B. porteri strains HB1.1 and HB1.2, and in Lysinibacillus CD3-6 (Supplementary
Figure S21, Supplementary Table S12).
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A representative of UV inducible peptides (UviB) was detected in Brevibacillus parabre-
vis using BAGEL4 supported genome mining (Supplementary Table S12, Supplementary
Figure S22). The Phage_holin_BhlA family is a family of holin-like proteins from both
bacteriophages and bacterial chromosomes. BhlA, a putative holin-like protein of Bacillus
licheniformis AnBa9 [73], and Bacillus pumilus WAPB4 [74], showed antibacterial activity
against several Gram-positive bacteria.

3.4.5. Gene Cluster Involved in Synthesis of Siderophores and Other BGCs

The asbABCDEF gene cluster (BGC0000942) from Bacillus anthracis, the causative agent
of anthrax, is responsible for the biosynthesis of petrobactin, a catecholate siderophore
that functions in both iron acquisition and virulence [75]. It has been argued that the
iron-siderophore petrobactin contributes to B. anthracis pathogenesis, which requires main-
taining sufficient iron concentration during growth in the host tissue [76]. However, it has
been documented that petrobactin synthesis is also common in non-pathogenic members of
the B. cereus senso latu group [77]. Except for two representatives of B. parabrevis (HD1.4A,
HD3.3A), we detected gene clusters with apparent similarity to BGC0000942 in representa-
tives of B. porteri (HB1.1, HB1.2, HB1.4B) and the novel GS A6-29 (MS2.2), A6-30 (DP1.3A),
and A6-33 (HB2.2, RS1.1, HB1.3) (Supplementary Table S12). By contrast, the gene clusters
encoding non-ribosomal synthesis of the second siderophore bacillibactin, common in the
B. subtilis, and B. cereus group, were not detected in the investigated Brevibacillus strains.

Other BGCs such as gene clusters involved in synthesis of terpenes, and the cyclic
lactone autoinducer with a putative role in quorum sensing (AgrB precursorpeptides)
were detected in most Brevibacillus isolates. Lysinibacillus sp. CD3-6 also harbored terpene
encoding genes, and a gene cluster possibly involved in the synthesis of a betalactone
containing protease inhibitor (Supplementary Table S12).

3.4.6. Uncharacterized NRP and PK-NRP Hybrid Gene Clusters in Brevibacilli

In addition to the characterized BGCs mentioned above, we detected 35 hitherto un-
known NRPs and NRP-PK hybrid scaffolds in the Brevibacillus genomes, and one partial NRPS
gene cluster containing a tyrosine module in Lysinibacillus CD3-6 (Supplementary Table S13).

A putative PK-NRP hybrid consisting of four modules (PK-orn-x-phe) occurred in all
nine Brevibacillus strains belonging to the Brevibacillus A6-branch. In contrast, a three-module
hybrid (asn-gly-pk) occurred only in Brevibacillus M2.2 (Supplementary Figure S23).

Giant PK-NRP hybrids consisting of either 16, 20, or 25 modules (Supplementary
Figure S24) were detected in several Brevibacillus strains. The 16 M scaffold consisted
of 14 PK modules (mal, ccmal, ohmal), and two modules involved in the non-ribosomal
synthesis of amino acids (M6:X, M16: Ser). The three B. porteri strains, and Brevibacillus
HB1.3, RS1.1, HB2.2, and M2.1.A harbored all 16 modules of the hybrid, whilst Brevibacillus
DP1.3A harbored a deleted gene cluster, in which the modules 9–16 were missing. The
largest gene cluster harboring 25 modules was detected in B. parabrevis HD3.3A. Some
14 modules were responsible for the non-ribosomal synthesis of amino acids, whilst the
11 pk-modules were involved in the synthesis of mal, ohmal, and ccmal. A deleted form of
this scaffold harboring only 20 modules was detected in B. parabrevis HD1.4A.

Decapeptide scaffolds were detected adjacent to the B. parabrevis giant M25/20 PK-
NRP hybrid scaffolds (Supplementary Table S13). Experimental proof is needed to corrobo-
rate their stand-alone state. Alternatively, it is also possible that they are directly connected
with the giant hybrids.

Slightly modified NRP scaffolds consisting of either six or seven modules, and always
starting with Glu-Ser at their N-terminus, were present in nearly all representatives of
the A6 branch (Supplementary Figure S25). The six-module variant (glu-ser-ile-x-phe-
D-orn) occurred in the genomes of Brevibacillus M2.2, and HB2.2. One of the two seven-
module scaffolds contained the predicted sequence Glu-Ser-Val-Val-X-Phe-D-Orn, and
occurred in Brevibacillus sp. DP1.3A, HB1.1, HB1.2, HB1.3. Brevibacillus sp. M2.1A harbored
a second variant characterized by the predicted sequence Glu-Ser-Val-X-X-Phe-D-Orn.
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Preliminary experiments did not reveal hexa- or heptapeptides in the Brevibacillus strains,
but pentapeptides with partial corresponding sequences were detected. At present, we
cannot exclude the possibility that the scaffolds are responsible for the synthesis of the
pentapeptides, but one or two of the modules might be overread or not expressed.

An interesting NRP gene cluster encoding for three cysteine residues was detected in
B. parabrevis HD1.4A, HD3.3A, Brevibacillus DP1.3A, and B. porteri HB1.1, HB1.2, HB1.4B
(Supplementary Table S13). Due to the presence of predicted methyltransferase domains,
it can be assumed that the cysteine residues are methylated (Supplementary Figure S26).
The cryptic nrs gene cluster of the model biocontrol bacterium Bacillus velezensis FZB42
also harbors three modules encoding for cysteine. Recently, trithiazole was identified as
the product of the nrs gene cluster, and NrsB as the oxidizing enzyme of the thiazoline
precursor [78]. However, a more careful comparison of the domain structure of both gene
clusters revealed significant differences between both BGCs, excluding the possibility that
the final product can be a polythiazole (Figure 10). Although no o Ox domain was detected,
two genes involved in dihydroxybenzoate (dhb) synthesis were (Figure 10A). The 2,3-dhb-
AMP ligase and an oxido-reductase, predicted to be involved in dhb synthesis, possess
counterparts in the dhb gene cluster of FZB42 known to be responsible for the non-ribosomal
synthesis of the siderophore bacillibactin (BGC0000616.1, Figure 10C). For this reason, we
assume that the unknown gene cluster might be involved in the biosynthesis of a novel
siderophore a with function in iron acquisition.
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Figure 10. The uncharacterized NRPS gene cluster in Brevibacillus sp. DP1.3A (A) compared with
the Bacillothiazol synthesizing nrs gene cluster (B) and the siderophore bacillibactin dhb gene cluster
in Bacillus velezensis FZB42 (C). NRPS/PKS domains are indicated by filled circles. A: adenylation,
ACS: 4′-phosphopantetheinyl transferase, C: condensation, CAL: co-enzyme A ligase, cMT: carbon
methyltransferase, KR: ketoreductase, KS: ketosynthase, T: thiolase, TE: thioesterase.
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4. Conclusions

Recently a total of 59 endospore-forming Gram-positive bacteria were isolated from
healthy crop plants within fields in Vietnam that were infested with plant-pathogenic
nematodes and fungi. According to their draft genome sequences, the majority of the
strains were classified as being members of the B. subtilis group, mainly B. velezensis, and
the B.cereus group. The remaining 12 strains were provisionally classified as Brevibacillus sp.
and Lysinibacillus sp., respectively [1]. In this study we have focused on the members of the
Brevibacillus and Lysinibacillus taxon, and a special procedure for enrichment of Brevibacillus
strains was developed. The sequencing of the whole genomes of Lysinibacillus sp. CD3-6
and of three Brevibacillus strains allowed for a detailed genome analysis of the selected
strains, and the identification of several extrachromosomal elements. The novel isolate
Brevibacillus sp. DP1.3A, for example, harbored three different plasmids, representing
either the low-copy type, whose segregation was directed by ParM, or the high copy type,
replicating according to the rolling circle model. The high plasticity of the genomes was
also indicated by the presence of numerous genomic islands within the Lysinibacillus and
Brevibacillus chromosomes, and the high number of genes present in the pan-genomes.

Furthermore, we have elucidated the taxonomic position of the eleven Brevibacillus
strains, and of the Lysinibacillus strain on the base of their complete or draft genome se-
quences. Five of the Brevibacillus strains were classified as being members of the known
species, B. parabrevis (2), and B. porteri (3). The other six Brevibacillus strains, and Lysinibacil-
lus CD3-6 were, according to their ANI and dDDH values, classified as being members of
five novel genomospecies.

The main outcome of this work was characterizing the Brevibacillus isolates as potent
antagonists of important plant pathogens. Brevibacillus strains were found to be efficient
in directly inhibiting the growth of bacterial phytopathogens, such as Clavibacter michiga-
nensis, Xanthomonas campestris, Erwinia amylovora, Dickeya solani, and fungal pathogens,
such as Fusarium oxysporum, and other representatives of the Fusarium genus. The direct
antagonistic action of the Brevibacillus strains against the phytopathogenic oomycete Phy-
tophthora palmivora was also observed. Brevibacilli displayed high nematicidal activity,
and significantly suppressed the formation of root-knots in tomato plants infested with
Meloidogyne sp. in greenhouse experiments under controlled conditions.

The Brevibacillus genomes harbored a rich arsenal of known and hitherto uncharac-
terized BGCs predicted to synthesize ribosomally and non-ribosomally diverse classes of
secondary metabolites with potential antagonistic action against plant pathogens. A total of
151 BGCs including 35 uncharacterized BGCs were identified by genome mining in the Bre-
vibacillus genomes, whilst Lysinibacillus sp. CD3-6 harbored only six BGCs. The occurrence
of important BGCs in the representatives of different genomospecies is shown in Figure 11.
In several cases, it seems that the distribution of BGCs in Brevibacilli is dependent on
their taxonomical position. Gene clusters for the synthesis of edeine and petrobactin, for
example, were not detected in B. parabrevis, but were present in the species cluster A29,
A30, A31, A33, and A34. The gene clusters devoted to tyrocidine synthesis were identified
in all isolates. In contrast, gene clusters involved in the synthesis of marthiapeptide and
paenilipoheptin were only detected in single strains representing the species cluster A29
and A30, respectively. The paenilipoheptin gene cluster exhibited striking similarity to a
corresponding gene cluster in Paenibacillus polymyxa [56] Our results are in line with the
previous finding that Brevibacillus sp. Leaf182 is the most potent antagonist within the
Arabidopsis phyllosphere-microbiome consisting of 224 strains [9]. The BGC responsible for
non-ribosomal synthesis of the antibacterial polyketide macrobrevin, originally described
in Leaf182, was detected in three novel genomospecies (A29, A30, and A33). Its presence on
the DP1.3A genomic islands suggested that the cluster could be transferred by horizontal
gene transfer. Two types of gramicidin gene clusters were detected. One of them which
harbored 18 modules has been not described previously. In summary, our genome mining
results indicated that Brevibacilli are a treasure box of widely unexplored AMPs and other
secondary metabolites. Biocontrol agents developed from plant-associated Brevibacillus
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strains should extend our present arsenal of bio-based plant protection agents that are
necessary for a more sustainable agriculture.
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Abstract: The strains Trichoderma harzianum TH07.1-NC (TH), Aphanocladium album MX95 (AA),
Pleurotus eryngii AL142PE (PE) and Pleurotus ostreatus ALPO (PO) were tested as biological lim-
iters against Fomitiporia mediterranea Fme22.12 (FM), Phaeoacremonium minimum Pm22.53 (PM) and
Phaeomoniella chlamydospora Pc22.65 (PC). Pathogens were obtained from naturally Esca-affected ‘Nero
di Troia’ vines cropped in Grumo Appula (Puglia region, Southern Italy). The antagonistic activity
of each challenge organism was verified in a dual culture. TH and PO completely overgrew the
three pathogens. Partial replacement characterized PE-FM, PE-PM, PE-PC and AA-PC interactions.
Deadlock at mycelial contact was observed in AA-FM and AA-PM cultures. The calculated antago-
nism index (AI) indicated TH and PE as moderately active antagonists (10 < AI < 15), while AA and
PO were weakly active (AI < 10). The maximum value of the re-isolation index (s) was associated
with deadlock among AA-PM, AA-PC and PE-FM dual cultures. The tested biological limiters were
always re-isolated when PO and TH completely replaced the three tested pathogens. TH and AA
confirmed their efficiencies as biological limiters when inoculated on detached canes of ‘Nero di
Troia’ in dual combination with FM, PC and PM. Nevertheless, additional experiments should be
performed for a solid conclusion, along with validation experiments in the field.

Keywords: Aphanocladium album; Pleurotus ostreatus; Pleurotus eryngii; Trichoderma harzianum;
antagonist index; hyphal interaction; deadlock; inhibition; re-isolation; biocontrol

1. Introduction

The disease known as ‘Esca’ is one of the longest-recognized and most devastating
threats to grapevines (Vitis vinifera) and viticulture around the world [1]. The most recent
studies consider this mycopathy as different diseases that overlap in the same vine or
develop at different stages of plant life [1–5]. Cross-sections of rooted cuttings, trunk,
branches, and shoots show brown to black spots often accompanied by a dark, viscous
exudate (‘black goo’). Longitudinally, xylem necrosis extends in columnar strips, called
‘brown wood streaking’ [1–5]. Brown wood streaking affects rooted cuttings (also named
brown wood streaking of grapevine cuttings) and young (2–7 years) vines (defined as Petri
disease, formerly also known as black goo, slow dieback, and Phaeoacremonium grapevine
decline) [1–3]. Inside the trunk or the branches, the wood shows ‘white rot’ (which is the
origin of the name Esca), as well as cracking or fissuring of the bark and wood (known
as ‘mal dello spacco’—cracking disease—in Italy) [1,3,6]. On leaves, small pale green or
chlorotic zones, roundish or irregular, occur dispersed to the veins or adjacent the margin.
Progressively, these areas increase, merge, and, in part, necrotize, and at last leave only a
narrow strip of unaffected green tissue along the main veins. Depending on the cultivar,
dead tissues appear dark brown to red-brown and the diseased leaves develop a ‘tiger
stripes’ appearance. Occasionally, the necrotic zones of the lamina desiccate and detach
and leaf margins become irregular [7]. These symptoms characterize grapevine leaf stripe
disease, previously named ‘young Esca’ [1–4]. Brown wood streaking of rooted cuttings,
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Petri disease, and grapevine leaf stripe disease manifest in newly grafted plant material,
young vines, and adult plants, respectively [1,3]. The concomitant presence of grapevine
leaf stripe disease and white rot is described as ‘Esca proper’. Berries display tiny brown
spotting (‘black measles’), shriveling, and wilting [1–4]. Within the Esca complex, white rot
and Esca proper can also show apoplectic symptoms: the sudden wilting of whole vines or
individual vine arms within a few days, with leaves and grape clusters that usually remain
attached to the plant [1,5].

Members of the basidiomycetous genus Fomitiporia (F. mediterranea in Europe and
the Mediterranean area) are mainly associated with white rot [8]. Phaeomoniella chlamy-
dospora and Phaeoacremonium minimum (syn. P. aleophilum) are the most important eti-
ological agents of brown wood streaking in cuttings, Petri disease, and grapevine leaf
stripe disease [1,3,5,7–10]. No pathogens have been associated with symptomatic leaves or
berries of diseased plants. Symptoms on leaves and berries are thought to be related to vine
susceptibility and oldness, the implicated pathogens, and pedoclimatic and physiological
features [2,5,9,11]. From pycnidia, perithecia or basidiomata embedded in the bark of
infected grapevines, and/or from other infected woody hosts surrounding vineyards, pro-
duce conidia, ascospores, or basidiospores produced by Esca-associated pathogens spread
by rain droplets and wind, land on receptive pruning wounds, and initiate infection [1,5,12].
Infected propagating material also causes disease spread in the field [7,12].

Despite the amount of research devoted to the Esca complex, the frequency of grapes
showing Esca-related symptoms has increased worldwide [11]. Thus far, no curative
methods are available. In the past, arsenite (revoked because of carcinogens in humans
and toxicity towards the environment) spray application alleviated leaf symptoms’ ex-
pression [13]. Different strategies are applied, both in nurseries and fields, to limit the
occurrence of ‘Esca’ symptoms [1]. Preventive practices, e.g., pruning wound protection
and infected stock elimination, are recommended to reduce Esca complex spread [1,4,14]
but are insufficient to guarantee effective control [13–16]. On the other hand, invasive
methods (e.g., trunk renewal or surgery, regrafting, and dry rot removal) mitigate the
loss of productivity over the years [1,12–16]. No efficient chemical control is yet available.
Trunk applications of fosetyl-Al provide reliable results in the reduction of browning and
leaf symptom manifestation [13,17]. In vitro treatments with carbendazim, flusilazole, or
tebuconazole induced 50% inhibition of P. chlamydospora and P. minimum mycelia growth,
while azoxystrobin, carbendazim, and thiram reduced conidia germination [18]. Hot water
(50 ◦C) treatment for 30 min reduced the P. chlamydospora load in propagation material [12].
Different concentrations of cysteine, FeSO4, salicylic acid, and fosetyl-Al, alone or in com-
bination, showed antifungal activity against P. chlamydospora and P. minimum, as well
as systemic action and bioactive stimulation on vines [14]. Preventive pruning wound
protection seems the most effective strategy [1,12].

Several studies place in biological control the possibility of counteracting the deleteri-
ous effects of Esca complex pathogens [1,15–22]. Promising is the application of biocontrol
agents, including bacteria, oomycetes, and fungi. Favorable are bacteria of the genera Acine-
tobacter, Bacillus, Brevibacillus, Curtobacterium, Enterobacter, and Paenibacillus, the oomycote
Pythium oligandrum, and mycoparasite fungi of the genus Trichoderma, still with innovative,
eco-friendly hybrid nanomaterials [1,15,19,20].

Strains of Bacillus subtilis have revealed in vitro and in planta antagonistic traits against
grapevine trunk pathogens, including Esca-associated fungi, both in pruning wound
protection and in nurseries [21]. Bacillus subtilis and Bacillus amyloliquefaciens interact
with P. chlamydospora and P. minimum hyphae via antibiosis [15,22,23]. Bacillus pumilus
(S32) and Paenibacillus isolates S18 and S19 exhibit action by producing volatile com-
pounds and diffusible antibiotic substances and inducing grapevine defense-related gene
expression [15,24]. Enterobacter isolate S24, Bacillus reuszeri strains S28, S31, and S27, Bacillus
isolate S34, Pantoea illinoisensis strain S13, Pantoea agglomerans strains S1 and S3, and Bacillus
firmus strain S41 are efficient biological control agents for Esca-associated fungi on rooted
cuttings under greenhouse conditions [15,24]. Pseudomonas protegens strain MP12, obtained
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from a forest soil sample, and Pseudomonas protegens strain DSM 19095T significantly in-
hibited P. chlamydospora and P. minimum in vitro growth [15,25]. The volatile compound
produced by Pseudomonas isolate S45, Stenotrophomonas isolate S180, and Novosphingobium
isolate S112 induces deleterious effects on F. mediterranea mycelia, while Enterobacter isolate
S11, Paenibacillus isolates S150 and S270, Weeksellaceae S259, and Bacillus strain S5 even
promoted F. mediterranea growth in a dual culture [26]. Strains of the cellulolytic and xy-
lanolytic Paenibacillus sp. display a synergistic interaction with F. mediterranea and enhance
wood degradation [26].

Strains of Actinobacteria and Streptomyces isolates E1 and R4 induced a significant
reduction in infection rates at the lower end of the rootstock in the context of Petri dis-
ease [15,27,28].

Streptomyces plymuthica, Bacillus velezensis, Pseudomonas chlororaphis, and isolates of
Micromonospora sp. strongly inhibited P. minimum in vitro growth [15,27,29].

The application of Pythium oligandrum at the root level reduced P. chlamydospora and
P. minimum necroses in the stem and triggered the plant defense pathways, including PR
proteins, phenylpropanoid, oxylipin, and oxidoreduction systems [15,30,31].

Epicoccum layuense, an ascomycete often associated with the mycobiomes of grapevines,
through in vitro dual culture, inhibited the growth of P. chlamydospora, F. mediterranea, and
some P. minimum strains without colony contact, suggesting the production of inhibitory
compounds [32]. E. layuense strain E24 colonized the rooted grapevine cuttings of Cabernet
Sauvignon and Touriga Nacional cultivars under greenhouse conditions and decreased
(31–82%) the wood symptomatology via chemical interaction and competition for space,
depending on the pathogen and grapevine cultivar [32]. Epicoccum mezzettii E17 overgrew
F. mediterranea in vitro and competed for space and nutrients [32].

Encouraging results regarding the management of Esca-associated fungi have been
obtained with the application of Remedier® (ISAGRO S.p.A., Milan, Italy) [1,15,33] and
Ecofox Life® (ISAGRO S.p.A., Milan, Italy), bio-fungicides containing Trichoderma asperellum
and T. gamsii. Strains of different species of Trichoderma, including T. atroviride, T. harzianum,
T. hamatum, T. longibrachiatum, and T. gamsii, effectively controlled P. chlamydospora and
P. minimum in vitro and under greenhouse, field, and nursery conditions, [1,15,22,34].
Hyphae of T. atroviride ATCC74058 and T. harzianum ATCC 26799 overgrew P. chlamydospora
and P. minimum, competed for nutrients, utilizing carbon and nitrogen sources, induced
direct antagonism, and allowed a 90% growth reduction [15,35]. Commercial strains of
T. harzianum and T. atroviride overgrew P. chlamydospora [15,22,35]. T. atroviride strains
USPP-T1 and USPP-T2 stopped P. minimum growth by coiling or disintegrating hyphae [35].
Strains of different Trichoderma spp. protected grapevine pruning wounds in nurseries
and reduced the incidence of P. chlamydospora and P. minimum after inoculation under field
conditions [22,28]. The application of T. harzianum (Trichodex®, Fertiberia, Sevilla, España)
at rooting under organic nursery conditions reduced P. chlamydospora infection [36–38].
T. harzianum T39 (Trichodex®) and T. longibrachiatum treatments on cuttings reduced the
necrosis length, caused by P. chlamydospora inoculation at the rootstock via the enhancement
of the grapevine defenses [15,36–38]. A Trichoderma koningii strain TK7 suspension’s dip
application on roots reduced the incidence of P. chlamydospora infection in the field on a
young grafted Spanish Tempranillo cultivar [15,28].

Strains of Clonostachys rosea, in vitro, overgrew and inhibited P. chlamydospora and
P. minimum through antibiosis and mycoparasitism [15,39]. Under greenhouse conditions,
amended soil with the endophytic C. rosea strain 19B/1 significantly decreased the length
of the necrotic lesions caused by P. chlamydospora [39]. Lecanicillium lecanii (ATCC 46578)
reduced in vitro the growth of P. chlamydospora and P. minimum by carbon and nitrogen
competition [34] or by the production of antibiotic compounds [39]. Fusarium oxysporum
strain F2 reduced P. chlamydospora in vitro growth by 43% and sporulation by 90%; nonethe-
less, the strain showed no reduction in the discoloration length inside the trunk, despite an
82% reduction in the P. chlamydospora DNA amount [40].
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This work aimed to assess the antagonistic activity of four new biological limiters
against the three most important Esca-associated fungi of grapevine. The challenge organ-
isms applied included Trichoderma harzianum, the chitinolytic fungus Aphanocladium album,
and two xylotrophic fungi belonging to the genus Pleurotus. Radial growth inhibition, the
morphology of the interaction, and the antagonism index were used to evaluate the in vitro
dual interactions. The number of positive re-isolations after pathogen and biological limiter
interaction was calculated. T. harzianum and A. album were additionally evaluated on
V. vinifera cv Nero di Troia detached canes against the three main fungal species associated
with the Esca complex.

2. Materials and Methods
2.1. Strains, Media, and Growth Conditions

Target organisms (Table 1) were isolated from wood samples of 12-year-old cv Nero di
Troia vines, grafted on 157-11 located in the countryside of Grumo Appula (Puglia region,
southern Italy) and trained to a ‘tendone’ not irrigated.

Table 1. Strains used in this study.

Organism Code Acronym

Potential biological limiters
Aphanocladium album DiSSPA 1 MX95 AA
Pleurotus ostreatus DiSSPA ALPO PO
Pleurotus eryngii DiSSPA AL142 PE
Trichoderma harzianum DiSSPA TH07.1-NC TH

Target pathogens
Fomitiporia mediterranea DiSSPA Fme22.12 FM
Phaeoacremonium minimum DiSSPA Pm22.53 PM
Phaeomoniella chlamydospora DiSSPA Pc22.65 PC

1 DiSSPA: Department of Soil, Plant and Food Sciences, University of Bari Aldo Moro, Bari, Italy.

In the 2020 and 2021 growing seasons, the vineyard was surveyed, and vines with
typical Esca symptoms were selected (Figure 1). During the winter pruning operations
(January 2022), samples of branches were taken from five symptomatic vines. Internal
symptoms through the wood, revealed after cutting, included vascular streaking, light
brown to black discoloration, and white rot (Figure 1). Wood samples were wetted with
denatured ethanol and surface-sterilized by a flame. From each sample, 15 wood chips
(2 mm × 2 mm × 2 mm) were aseptically cut from the margins of diseased wood and plated
(5 chips per dish) either on potato dextrose agar (PDA; from Oxoid Part of Thermo Fisher
Scientific—Microbiology, Hampshire, UK) amended with 100 mgL−1 of each streptomycin
and ampicillin (PDA-SA) or PDA modified by adding 1 mL L−1 of thiabendazole lactate
(PDA-T: 2.3 g of thiabendazole in 10 mL of lactic acid). The incubation of Petri dishes
occurred at 24 ± 1 ◦C in the dark for up to 28 days. Emerging colonies were hyphal-tip-
purified. Isolates were identified based on their microscopic morphological characteristics.
Strains CBS 229.95, CBS 631.94, and DBPV-1 of P. chlamydospora, P. minimum, and F. mediter-
ranea, respectively [41], were used as a reference for morphological features. The obtained
strains were stored on PDA slants in Wheaton bottles at 4 ± 1 ◦C in the fungal collection
of the Department of Soil, Plant and Food Sciences (Di.S.S.P.A.), Plant Pathology Section,
University of Bari.

Aphanocladium album MX95 (Patent N◦ 00041374382), Pleurotus ostreatus ALPO, Pleu-
rotus eryngii AL142, and Trichoderma harzianum TH07.1-NC strains (Table 1), available at
the fungal collection of the Di.S.S.P.A. Plant Pathology Section, were revitalized on PDA at
25 ± 1 ◦C in the dark. All fungi were routinely grown on PDA at 25 ± 1 ◦C in the dark.
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Figure 1. Symptoms on Vitis vinifera cv Nero di Troia plants used for isolation experiments: ‘tiger-
stripes’ (A) and apoplexy (B), brown wood streaking (C–E), and white rot (C).

2.2. Growth Rate

Potential biological limiters and target organisms were singly grown in a 90 mm Petri
dish containing 18 mL of PDA medium. A plug (3 mm in diameter) of each strain, collected
from the margins of actively grown cultures, was placed 1 cm from the border of the
plate on the line of the dish diameter. Inoculated plates were sealed with Parafilm M and
incubated in darkness at 25 ± 1 ◦C. Radius measurements were performed every eight
hours following the line of the dish diameter. The average of the daily radius increment
was calculated. All strains were tested in triplicate and the experiment was repeated at
least two times.

2.3. In Vitro Dual Culture Interactions

Dual interactions between the tested strains (Table 1) were performed in plastic Petri
dishes (diameter 90 mm, height 15 mm) containing PDA (18 mL per plate). Mycelium
plugs (3 mm in diameter) were cut from the edge side of the actively growing pure culture
and used as an inoculant. The target organism and potential biological limiter plugs were
placed together on the same plate on opposite sides, 1 cm from the border of the dish
(Figure 2a). As a control, the target organism and potential biological limiter plugs were
placed alone. Inoculate plates were sealed with Parafilm M and incubated at 25 ± 1 ◦C, in
the dark.

Based on the differences in the growth rates of each fungal strain, the slower PC was
placed 8 days in advance of the faster-growing TH.

Three replicates were maintained for each treatment. The experiment was conducted
twice for reproducibility. Plates were observed every eight hours to record the time of the
first contact between the two mycelia.
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Figure 2. Schemes showing the positions of (a) inoculation plugs (• and •) and discs taken from the
interaction zone (1–5), the potential biological limiter (L, •), and the pathogen (P, •); (b) approximate
sites of chip recovery (�, �, �, �) for grapevine detached cane re-isolation experiments.

Every day, the colony radii of the target organism were assessed in dual culture and
on the control plate. In plates with dual culture, radii were measured in the direction of
the potential biological limiter. The measurements evaluated 10 days after inoculation
were used to determine the percentage of radial growth inhibition as 100 × [(C − T)/C],
where C and T are the mean radii (mm) of the pathogen in the absence of a biological
limiter (control) and dual culture, respectively. Based on the radial growth inhibition
rates, antagonist activity was considered [42] very high (>75%), high (61–75%), moderate
(51–60%), or low (<50%).

Mycelial interactions in dual culture were examined daily and scored with the rating
proposed by Badalyan et al. [43,44]. The antagonism index, which defines the ability of a
fungus to compete with another species, was calculated as ∑ (n × i), where n is the number
of each type or subtype of interaction and i is the corresponding score [43,44]. Biological
limiters were considered active (antagonism index > 15), moderately active (antagonism
index = 10–15), or weak (antagonism index < 10) antagonists [43,44].

Twenty days after mycelia interaction, the observed results of the competition were
quantified after fungal re-isolation. From each plate, seven agar discs (5 mm in diameter)
were cut (Figure 2a): five from the interaction zone and two (one per strain) from areas
with the presumed growth of only one individual fungus (positions labeled “L” and “P” in
Figure 2a). Discs were placed on PDA plates and incubated at 25 ± 1 ◦C in the dark. The
score of the re-isolation success of potential biocontrol agents against each pathogen was
quantified as ln[(A + 1)/(P + 1)], where A and P are the mean numbers of the successfully
re-isolated biological limiter and target organism, respectively (n = max 5). The estimated
value of s ranges between +1.79 and −1.79. Higher values of s indicate greater re-isolation
success [45,46].

2.4. Interaction on Detached Grapevine Canes

From 20 healthy ‘Nero di Troia’ dormant vines, canes (diameter 10–12 mm) were
collected in January 2023. In the laboratory, the canes were cut into one node segment
(80 mm length) each 2 cm above the bud to simulate a fresh pruning wound. Cane segments
were autoclaved (121 ◦C, 40 min) and distributed, respecting the polarity, in sterile 50 mL
Falcon-type plastic tubes (one per tube) containing 20 mL of sterile distilled water.

For AA, TH, PM, and PC, conidia suspensions were prepared in 0.2% agar water as
a bio-adhesive. For FM, a mycelia homogenate was obtained in 0.2% agar water using a
Sorvall model 17105 Omni-Mixer homogenizer (DuPont de Nemours, Inc., Wilmington, DE,
USA). The viability of conidia and mycelia fragments was assessed on PDA by the decimal
dilutions method, adjusted to 106 colony-forming units per milliliter, and used (10 µ) to
inoculate the apical end of each cane. AA, TH, PC, PM, and FM were assayed singly and
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in dual pathogen–limiter arrangements. In dual combinations, target organisms were
inoculated 5 days before or after the biological limiters. Canes treated with 0.2% agar water
and untreated canes were used as controls. A total of 20 canes per treatment were used. All
tubes were incubated at 25 ± 1 ◦C, in the dark, for 12 weeks. Re-isolations were performed
to verify the vitality of the fungal strains inoculated and their progression inside the cane
tissue. Each apical end was gently pressed on the PDASA medium surface to create 5 differ-
ent imprints. Then, every cane was divided longitudinally. Chips (2 mm × 2 mm × 2 mm)
were aseptically taken at approximately 5, 10, 15, and 20 mm (Figure 2b) from the upper
end and plated (5 per dish) on PDASA. Inoculated dishes were incubated at 25 ± 1 ◦C, in
the dark, for 28–45 d. The developed fungal colonies were identified based on their macro-
and microscopic morphological characters. The percentage of colonization frequency of
re-isolated fungi was estimated as 100 × (N × n), where N is the number of colonies of
each species developed from each chip, and n is the total number of plated fragments
(n = 15).

2.5. Statistical Analysis

Plates and tubes were allotted in a randomized design. Normality and homogeneity
of variances were verified with Shapiro–Wilk’s test and Levene’s test, respectively. The
standard deviations (sd) were calculated for all mean values. The experimental data
obtained were compared using an analysis of variance (ANOVA), followed by the Fisher
least significant difference or Kruskal–Wallis test (p = 0.05). The data of inhibition radial
growth were analyzed as radius values and expressed as a percentage. The frequency of
re-isolated fungi percentage was transformed to arcsine before analysis.

3. Results
3.1. Growth Rate

All the tested strains developed a different growth rate (Figure 3).
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Figure 3. Growth rate at 25 ± 1 ◦C in the dark on 90 mm Petri dishes containing potato dextrose agar
of potential biological limiters (a) and target pathogens (b). Data are the means of six replicates ± sd.
For acronym definitions, see Table 1. Growth curves with different letters are significantly different
according to Fisher’s least significant difference test at p ≤ 0.05.

TH colonized the entire Petri dish over 72 h (30.0 mm d−1 radius increment). PO
(6.1 mm d−1), PE (4.7 mm d−1), and AA (3.7 mm d−1) reached, after 96 h, 15, 19, and
24 mm, respectively (Figure 3a). Among the tested pathogens (Figure 3b), PC (5.7 mm d−1)
was the slowest, while the fastest growth rate was recorded for PM (17.7 mm d−1) and FM
(18.7 mm d−1).

3.2. In Vitro Dual Culture Interactions

In the dual cultures, pathogens and potential biological limiters required 56 to 96 h for
the first colony contact (Table 2). Short times were associated with organisms showing fast
mycelial growth (e.g., TH against FM, PM, or PC). On the contrary, long times affected the
interactions between slow-growth organisms (e.g., AA against PM and PC).
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Table 2. Time (hours) required for the first contact between the tested potential biological limiters
and phytopathogenic organisms 1.

Phytopathogenic Biological Limiters 2

Organisms AA PO PE TH

FM 72 ±5.06 a 88 ± 5.06 a 88 ± 5.06 a 56 ± 5.06 a
PM 96 ± 5.06 b 88 ± 5.06 a 88 ± 5.06 a 64 ± 5.06 b
PC 3 96 ± 5.06 b 88 ± 7.16 a 88 ± 7.16 a 64 ± 7.16 b

PC8 3 NT 4 NT NT 64 ± 5.06 b
1 For acronym definitions, see Table 1. 2 Data are the means of six replicates ± sd. Within each column, data with
different letters are significantly different according to Fisher’s least significant difference test at p ≤ 0.05. 3 PC
was inoculated concomitantly (PC) or 8 days in advance (PC8) of TH. 4 NT = not tested.

The percentage of radial growth inhibition (Figure 4) ranged from 48 to 87% in the
PO-FM and TH-PC8 interactions, respectively.
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Figure 4. Percentage of inhibition radial growth in dual cultures on potato dextrose agar of AA, PO,
PE, and TH against FM (�), PM (�), and PC, inoculated concomitantly (�) or 8 days in advance
of TH (�). Data are the means of six replicates ± sd. For each potential biological limiter, values
accompanied by the same letters are not significantly different (p ≤ 0.05) according to Fisher’s LSD
test. For acronym definitions, see Table 1.

Very high radial growth inhibition was calculated in the AA-PC, PO-PC, PE-FM,
PE-PC, PE-PM, TH-PM, TH-PC, and PE-PC8 interactions. High antagonist activity was
recovered in the AA-PM and PO-PM relations. Moderate antagonist activity (51–60%) was
recovered in the AA-PM and PO-PC groups, while low inhibition rates (about 49%) were
retrieved in the PO-FM and AA-FM dual cultures.

The dual culture assays displayed a miscellaneous pattern of mycelial interaction (Figure 5).
Following the definition of mycelial interaction proposed by Badalyan et al. [43,44], deadlock
(mutual inhibition in which neither strain was able to overgrow the other) at mycelial
contact, replacement (overgrowth without initial deadlock), and partial replacement after
an initial deadlock with mycelial contact occurred among the pairings tested.

AA showed deadlock at mycelial contact (interaction type A by Badalyan et al. [43,44])
during the interactions with FM and PM. Partial replacement after initial deadlock with
mycelial contact (interaction type CA1 as suggested by Badalyan et al. [43,44]) was exhibited
during AA-PC dual cultures and PE towards FM, PC, and PM. PO and TH completely
replaced (interaction type C as indicated by Badalyan et al. [43,44]) the three tested phy-
topathogenic organisms, including PC inoculated 8 days in advance of TH. Among the
78 pairings tested, replacement of the pathogen by the potential biological limiter was
more frequent (53.8%) than partial replacement after initial deadlock with mycelial contact
(30.8%) and deadlock (15.4%).
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Figure 5. Mycelial interactions after 28 days of dual culture on potato dextrose agar between the
potential biological limiters (AA, PO, PE, or TH) and the target pathogens (FM, PM, or PC). PC
was inoculated concomitantly (PC) or 8 days in advance of TH (PC8). For acronym definitions, see
Table 1. Red letters show the type of interaction as proposed by Badalyan et al. [43,44]: A = deadlock
(mutual inhibition in which neither strain was able to overgrow the other) at mycelial contact,
C = replacement (overgrowth without initial deadlock), CA1 = partial replacement after an initial
deadlock with mycelial contact. In brackets is the percentage of overgrowth 20 days after inoculation.
NT = not tested. Red and green arrows indicate the sites where biological limiters and pathogens
were inoculated, respectively.

Based on the calculated antagonism index values, AA and PO were weak antagonists,
while PE and TH were moderately active antagonists, reaching antagonism indexes of 5.5,
9.0, 10.5, and 12.0, respectively.

The outcomes of re-isolation success in the dual cultures are shown in Table 3. No
target pathogens were re-isolated after the interactions PO-FM, PO-PM, PO-PC, TH-FM,
TH-PM, TH-PC, and TH-PC8. In all the other combinations, the pathogen was always
re-isolated from the agar disc cut at the P position (Figure 2a). FM was re-isolated from the
connective line with AA, while PM and PC were obtained from the deadlock lines with PO.
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Table 3. Mean scores of re-isolation success of potential biological limiters against each pathogen
from in vitro dual cultures 1,2.

Biological
Limiters

Phytopathogens 3

FM PM PC 4 PC8 4

AA 1.09 ± 0 a 1.79 ± 0 b 1.79 ± 0 b NT 5

PO * * * NT
PE 1.79 ± 0 b 1.09 ± 0 a 1.09 ± 0 a NT
TH * * * *

1 The score of re-isolation success was quantified as ln[(A + 1)/(P + 1)], where A and P are the mean numbers of
the successfully re-isolated biological limiter and target organism, respectively (n = max 5). 2 For species acronym
definitions, see Table 1. 3 The data are the means of six replicates ± sd. Within each row, values with different
letters are significantly different according to the Kruskal–Wallis test at p ≤ 0.05. 4 PC was inoculated concomitantly
(PC) or 8 days in advance of TH (PC8). 5 NT = not tested. * = re-isolated with only the biological limiter.

3.3. Interaction on Detached Grapevine Canes

Abundant mycelial efflorescence appeared on the cutting surfaces of the detached
‘Nero di Troia’ canes inoculated with AA, FM, FM5-AA, FM5-TH, AA5-FM, AA5-PM,
AA5-PC, and TH5-PC (Figure 6).
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Figure 6. Aspect of detached ‘Nero di Troia’ canes inoculated with 100 µL of 106 mL−1 viable
conidia (AA, TH, PM, and PC) or mycelium fragment (FM) suspensions in 0.2% agar in water (WA)
as the adhesive medium. Strains were inoculated individually (AA, TH, PC, PM, FM) or in dual
combination, in which the pathogens were distributed 5 days before the biological limiters (FM5-AA,
PM5-AA, PC5-AA, FM5-TH, PM5-TH, PC5-TH) or biological limiters were deposited 5 days before
the pathogens (AA5-FM, AA5-PM, AA5-PC, TH5-FM, TH5-PM, TH5-PC). CN = non-inoculated
control. Pictures were taken 35 days after the first deposition.

From the single inoculations with AA, TH, PM, PC, or FM, the inoculated fungi were
recovered from all the imprints (Table 4). In dual inoculations AA5-FM, AA5-PM, AA5-PC,
FM5-AA, PM5-AA, and PC5-AA, only AA was re-isolated, whereas TH was obtained from
the TH5-FM, TH5-PM, TH5-PC, FM5-TH, PM5-TH, and PC5-TH combinations.
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Table 4. Colonization frequency of re-isolated fungi (%) 1 from ‘Nero di Troia’ detached canes
inoculated with AA, TH, FM, PM, PC, and their dual combination with pathogens deposited 5
days before (FM5-AA, PM5-AA, PC5-AA, FM5-TH, PM5-TH, PC5-TH) or after (AA5-FM, AA5-PM,
AA5-PC, TH5-FM, TH5-PM, TH5-PC) the biological limiters 2.

Treatments Strains
Position 4

Cutting
Surface 3

Longitudinal Section (mm below the surface)
5 10 15 20

CN 5 NFI 7 NFI NFI NFI NFI
WA 6 NFI NFI NFI NFI NFI
AA AA 100 100 NFI NFI NFI
TH TH 100 100 NFI NFI NFI
FM FM 100 100 NFI NFI NFI
PM PM 100 100 NFI NFI NFI
PC PC 100 100 NFI NFI NFI

FM5-AA AA
FM

100
0

100
0 NFI NFI NFI

PM5-AA AA
PM

100
0

100
0 NFI NFI NFI

PC5-AA AA
PC

100
0

100
0 NFI NFI NFI

FM5-TH TH
FM

100
0

100
0 NFI NFI NFI

PM5-TH TH
PM

100
0

100
0 NFI NFI NFI

PC5-TH TH
PC

100
0

100
0 NFI NFI NFI

AA5-FM AA
FM

100
0

100
0 NFI NFI NFI

AA5-PM AA
PM

100
0

100
0 NFI NFI NFI

AA5-PC AA
PC

100
0

100
0 NFI NFI NFI

TH5-FM TH
FM

100
0

100
0 NFI NFI NFI

TH5-PM TH
PM

100
0

100
0 NFI NFI NFI

TH5-PC TH
PC

100
0

100
0 NFI NFI NFI

1 Colonization frequency of re-isolated fungi was estimated as 100 × (N × n), where N is the number of colonies
of each species developed from each chip, and n is the total number of plated fragments (n = 15). 2 For acronym
definitions, see Table 1. 3 The data are the means of fifteen imprints per treatment. 4 Data are the means of fifteen
chips for treatment. 5 CN = non-inoculated control. 6 WA = 0.2% agar in water. 7 NFI = no fungal isolation.

A similar pattern was observed from the re-isolations performed with the fragments
cut at 5 mm below the upper end of the cutting surface (Table 4).

Negative was the isolation from the longitudinal sections of the canes performed
at approximately 10, 15, and 20 mm below the upper end of the cutting surface for all
the tested detached canes (Table 4). No organisms were obtained from the re-isolations
performed with the imprints and the chips cut at 5, 10, 15, and 20 mm below the apical end
of the detached cane used as a non-inoculated control (CN) and the control inoculated with
the adhesive suspension WA (Table 4).

4. Discussion

The use of microbial antagonists to manage disease agents is one of the current frontiers
in reducing the worrying dependence on pesticides, ensuring food safety and security, and
protecting the environment and consumers [47–49].
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T. harzianum TH1, A. album MX95, P. ostreatus ALPO, and P. eryngii AL142PE were
tested as potential biological limiters against F. mediterranea, P. minimum, and P. chlamy-
dospora, the main pathogens worldwide associated with grapevine Esca complex.

The isolations here carried out from ‘Nero di Troia’ vines confirmed the involvement
of P. minimum and P. chlamydospora in brown wood streaking and F. mediterranea in white
rot, while their mixture in the wood led to foliar symptoms [1–10,50].

A dual culture evaluates the antagonistic properties of microorganisms. This technique
shows rapidly and clearly the mutual effects of the paired organisms and their interactions.
However, the method excludes the host plant and cannot be used for biocontrol agents that
allow disease control through tissue colonization, systemic resistance induction, and/or
niche competition [43–45,51,52].

The growth rate on the PDA medium differentiates the behavior of tested
organisms and could support potential biological limiters and pathogens during dual
culture interaction.

Following the suggestions of Bell et al. [53], TH and PO are valid antagonists, because
they covered completely the surfaces of the three tested pathogens (type C interaction
following the Badalyan et al. [43,44] score rating).

This was supported by the antagonism index and the quantification of the re-isolation
success. Low values of the antagonism index indicate a weak response of the strain in terms
of inhibition, while high antagonism indices are associated with highly competitive and
inhibitory properties in the antagonist [43,44]. The quantification of the re-isolation success
of a potential biological control agent against a pathogen is a reliable tool to confirm the
success of an antagonist in the interaction with the mycelium of a competing pathogen
and represents an important parameter in dual culture assays [45]. The re-isolation of
both the antagonist and pathogen from the interaction zone allowed us to assume that the
challenge strains were not highly active competitors. In contrast, the re-isolation of only the
antagonist from the interaction zone suggested the elimination of the challenger organism
and obviously higher success in competition [45]. During the interactions labeled as “type
c” (replacement), shown by TH and PO against the three tested pathogens, the biological
limiter was always re-isolated from the overlapping zone and the area of pathogen presence
(e.g., letter P in Figure 2a). This confirms the antagonistic aptitude of TH and PO and their
ability to stop or inhibit the growth of challenged organisms [43,44,53]. Re-isolations of
pathogens and biological limiters, even from the same discs, taken from the interface zone
after type A and type CA1 interactions, were obtained in AA-FM, PE-PM, and PE-PC. In the
other combinations, the pathogenic organism was replaced by the biological limiter. The
outcomes of these experiments allowed us to assume the weak competitive capacity of FM,
PM, and PC, as hypothesized for Scleroconidioma sphagnicola [45] and Eutypella parasitica [46].
A similar re-isolation result after deadlock at a distance (interaction type B) was reported
by Koukol et al. [45], which was not recorded in our study.

The detached cane assay, a modification of the single node cutting technique [54],
assesses cane fruitfulness, reduces the time needed to evaluate pruning wound treatments
and screenings of vine cultivars for grapevine trunk disease development [55], and allows
potential biocontrol activity characterization [56]. Here, we adapted the technique as a
model for the study of Esca-associated fungi in wood colonization and the interactions
with AA and TH, two probable biological limiters. Due to the results of the study of the
interaction among P. chlamydospora, P. minumum, and F. mediterranea performed in vitro and
on grapevines cv. Italia and Matilde [57], single interaction pathogens vs. biological limiters
were here evaluated. During previous in vitro and in planta interactions, P. chlamydospora
and P. minumum competed for the substratum, albeit not directly challenging: F. mediterranea
overgrew P. chlamydospora, and the interaction of P. minumum vs. F. mediterranea showed
a deadlock at mycelia contact. In triple cultures, P. minumum in some way “prevented”
F. mediterranea from overgrowing P. chlamydospora [57]. A similar pattern was seen on the
woody tissue of both tested grapevine cultivars [57]. Furthermore, in naturally infected vine
material, F. mediterranea is commonly associated with decayed wood, while P. chlamydospora
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and P. minimum are linked to brown wood streaking [1,3,5,7–10]. Inside the trunks of
Esca-affected vines, rotted tissues are often bordered by a brown line that separates rotted
from nondecayed wood [2]. It is probable that when colonizing a vacant resource, such as a
fresh wound, each invading fungus became competitive and could exclude other micro-
organisms. Another theory of wood colonization during Esca development considers
P. chlamydospora able to reduce plant resistance due to its toxic activity, P. minimum affects
cell wall integrity through its enzymatic activity, and F. mediterranea enables the complete
degradation of wood tissues, resulting in white rot formation [1–3,6,15,57].

To avoid a competitive association among P. chlamydospora, P. minumum, and F. mediter-
ranea, single pathogen inoculation was here considered.

The detached cane assay confirmed the ability of PM, PC, and FM to colonize pruning
wounds and to use this as a penetration method to colonize the wood tissues of the
vine [1–3,49,50,57]. The experiments showed that the pathogens and potential biological
limiters were effective in colonizing the apical end of the cane and progressing inside
the woody tissue when singly inoculated. TH and AA also effectively protected pruning
wounds against FM, PM, and PC for at least 3 months after treatment and confirmed the
antagonistic effect exhibited in the dual cultures.

The four species used in the present study are well-known antagonists of plant-
pathogenic fungi and nematodes.

A. album (Fungi, Ascomycota, Pezizomycotina, Sordariomycetes, Hypocreales, Nectriaceae)
is a necrotrophic mycoparasite of Puccinia coronata, Puccinia hordei, Puccinia graminis f. sp.
avenue, Puccinia recondita f. sp. triticina, Golovinomyces (Oidium) lycopersici, Podosphaera
(Sphaerotheca) fusca, Pseudopyrenochaeta (Pyrenochaeta) lycopersici, Meloidogyne incognita,
Meloidogyne javanica, and soil-borne plant pathogenic fungi [58–62]. The necrotrophic
effects of A. album are associated with the production of hydrolytic enzymes (e.g., protease,
glucanase) and chitinases [58].

P. eryngii and P. ostreatus (Fungi, Basidiomycota, Agaricomycotina, Agaricomycetes, Agar-
icales, Pleurotaceae) are xylotrophic mushrooms extensively cultivated around the world
and evaluated as biological control agents for sugar beet nematode Heterodera schachtii [63].
In a dual culture, P. ostreatus strongly inhibited the mycelia growth of cereal-pathogenic
fungi such as Ceratobasidium cereale (anamorph Rhizoctonia cerealis), Gaeumannomyces tritici
(formerly Gaeumannomyces graminis var. tritici), F. culmorum, and Bipolaris sorokiniana [43].
P. ostreatus also combats the mycoparasites Clonostachys rosea, T. harzianum, Trichoderma
pseudokoningii, and Tichoderma viride [44]. Furthermore, in dual culture assays, strains of
P. ostreatus and P. eryngii exhibited strong inhibitory activity against F. solani, F. oxysporum f.
sp. lycopersici, V. dahliae, P. nicotianae, and S. sclerotiorum [62].

Trichoderma is a genus of fungi from the family Hypocreaceae, commonly associated
with the rhizosphere [64]. Several species of this genus and their Hypocrea teleomorphs
are used in agriculture as bio-regulators of plant growth and biocontrol agents for the
management of nematodes and plant diseases [64–66]. Among the Trichoderma species
useful as biocontrol agents, T. harzianum is widely used in plant disease control [67]. The
species is proposed as a complex of species based on secondary metabolite production,
the target pathogen, the host range, and the distribution area [66–69]. Morphological
and molecular characterizations of commercial T. harzianum biological control products
show the presence of nine new species [67]. Different Trichoderma species, including
T. atroviride, T. harzianum, T. asperellum, T. gamsii, and T. longibrachiatum, have been widely
used against fungi in the Esca complex during grapevine nursery propagation processes
and for pruning wound protection [1,12,15,19,20,33,36–38]. Different species of Trichoderma
provide efficacy against fungi in the Botryosphaeriaceae and the Diatrypaceae associated
with grapevine trunk disease [56]. Antibiosis, mycoparasitism, and nutrient and/or
space competition are mechanisms of action associated with Trichoderma’s antifungal
activity [15,19,20,69]. Therefore, effectiveness in pruning wound protection requires the
establishment of a biological agent. For this, Trichoderma-based commercial products give
the greatest protective action several days after application.
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In the present study, TH and AA effectively prevented pruning wound colonization
by F. mediterranea, P. minimum, and P. chlamydospora mycelia and conidia spread. They
effectively also stopped the colonization developed by each pathogen.

P. chlamydospora, P. minimum, and F. mediterranea, the main fungal species involved in
the Esca complex of grapevine, were successfully added to the target organisms of these
interesting biological limiters.

Among the four species here tested, T. harzianum and A. album demonstrate a long
history as fungal antagonists. Strains of T. harzianum, including the commercial one
(Trichodex®), effectively controlled P. chlamydospora and P. minimum in vitro and under
greenhouse, field, and nursery conditions [1,15,22,34]. During antagonistic interaction,
T. harzianum explores different modes of action: it competes for nutrients, utilizing carbon
and nitrogen sources, induces direct antagonism, overgrows its “hosts”, induces growth
reductions [15,22,35], and reduces infection [36–38] and the necrosis length on rootstock
and nursery material [15,36–38]. The strain DiSSPA TH07.1-NC, tested in this study, was a
moderately active antagonist (antagonism index of 12.0), showed overgrowth, inhibited
radial growth, and quickly interacted with the tested Esca-associated pathogens. A direct
effect of this strain on PC, PM, and FM can be assumed from the score of the re-isolation
success and the colonization frequency. No target pathogens were re-isolated after the
interactions with TH on PDA plates and from dual-inoculated detached ‘Nero di Troia’
canes. Furthermore, the strain DiSSPA TH07.1-NC was able to colonize the apical end of
each treated cane, to produce abundant mycelial efflorescence on the cutting surfaces and
penetrate the first 5 mm of canes during 30 days.

Strains of the necrotrophic mycoparasite A. album inhibit the sporulation and the
growth of several powdery mildew and rust agents, soil-borne plant pathogens, and
nematodes [59–62]. This antagonistic efficiency is supported by the production of hydrolytic
enzymes such as protease, glucanase, and several chitinases involved in the cell wall
degradation of many phytopathogenic fungi [58].

The strain DiSSPA MX95, tested in this study, was a weak antagonist (antagonism
index of 5.5), showing deadlock (mutual inhibition in which neither strain was able to
overgrow the other) at mycelial contact against FM and PM and partial replacement after
an initial deadlock with mycelial contact against PC. Despite its slow growth rate, DiSSPA
MX95 inhibits radial growth and greater re-isolation success on PDA plates. During the
experiments on detached ‘Nero di Troia’ canes, the strain DiSSPA MX95 was able to colonize
the apical end of each treated cane, to produce abundant mycelial efflorescence on the
cutting surfaces and penetrate the first 5 mm of canes.

This was the first application of P. ostreatus and P. eryngii strains against fungal species
involved in the Esca complex of grapevine. The strains DiSSPA ALPO and DiSSPA AL142,
tested in this study, were moderately active antagonists (antagonism index of 9.0 and 10.5
for PO and PE, respectively), showed overgrowth, inhibited radial growth, and quickly
interacted with the tested Esca-associated pathogens. A direct effect of these strains on PC,
PM, and FM can be assumed from the score of the re-isolation success: no target pathogens
were re-isolated after the interactions with PO and PE on PDA plates.

Further screening of the strains used in this study should be conducted to assess their
efficacy against other grapevine trunk disease fungi, including Ilyonectria spp., Cadophora
luteo-olivacea, Diplodia seriata, and Neofusicoccum parvum, commonly found in nursery-
propagated material and responsible for young grapevines’ decline and death.

A shortcoming of our study is related to the slight repetitions performed. Additional
experiments, testing a broader range of P. chlamydospora, P. minimum, and F. mediterranea
strains, are needed for the confirmation and clarification of our results and a solid conclu-
sion. However, further testing should be performed to optimize the application methods
(e.g., dose and time), together with validation experiments in the field. Moreover, combina-
tions of AA, PO, PM, and TH will be tested.

200



Microorganisms 2023, 11, 2099

5. Conclusions

The interactions between the three most important species isolated from the wood of
Esca-complex-affected vines and the four strains tested as biological limiters in the dual
cultures, here analyzed in terms of the first contact between the two mycelia, the percentage
of radial growth inhibition, the type of mycelial interaction, the antagonism index, and the
quantification of fungal re-isolation, suggested that the tested strains P. ostreatus ALPO,
P. eryngii AL142, A. album MX-95, and T. harzianum TH07.1-NC were competitive and caused
the greatest inhibition of the three pathogens. Interactions on detached grapevine canes
among TH and AA against FM, PC, and PM confirmed the in vitro effects. In particular,
A. album MX-95 and T. harzianum TH07.1-NC are the most promising strains to be used
as biological control agents against the three main pathogens associated with the Esca
complex of grapevine.
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Abstract: Tar spot disease in corn, caused by Phyllachora maydis, can reduce grain yield by limiting
the total photosynthetic area in leaves. Stromata of P. maydis are long-term survival structures that
can germinate and release spores in a gelatinous matrix in the spring, which are thought to serve
as inoculum in newly planted fields. In this study, overwintered stromata in corn leaves were
collected in Central Illinois, surface sterilized, and caged on water agar medium. Fungi and bacteria
were collected from the surface of stromata that did not germinate and showed microbial growth.
Twenty-two Alternaria isolates and three Cladosporium isolates were collected. Eighteen bacteria, most
frequently Pseudomonas and Pantoea species, were also isolated. Spores of Alternaria, Cladosporium, and
Gliocladium catenulatum (formulated as a commercial biofungicide) reduced the number of stromata
that germinated compared to control untreated stromata. These data suggest that fungi collected from
overwintered tar spot stromata can serve as biological control organisms against tar spot disease.

Keywords: Phyllachora maydis; tar spot disease; corn pathogen; biological control; biofungicide

1. Introduction

Corn is one of the most important grain crops in the world, but production is limited by
a variety of pests and diseases [1]. One devastating disease is caused by Phyllachora maydis
and is commonly referred to as tar spot because of its characteristic black, shiny, raised leaf
spots which generally range from 2–4 mm in diameter. Infection by this pathogenic fungus
can result in significant yield losses, and even death of plants if infection occurs early in a
susceptible variety [2]. Tar spot disease has been endemic in much of Central and South
America for several decades [2]. It was first reported in two U.S. “corn belt” states, Illinois
and Indiana, in 2015 [3], and since then there have been major outbreaks in several regions
in both 2018 and 2021 [4].

Management strategies for tar spot disease include use of resistant varieties and
application of fungicides [2]. However, under high inoculum pressure, significant yield
losses can still occur, even with the use of resistant varieties [5]. Fungicide application
has not been very effective because once symptoms are noticed, further infection becomes
difficult to control [6].

The black structures characteristic of tar spot disease are long term survival structures
called stromata, which are similar to the sclerotia produced by the vegetable pathogen
Sclerotinia sclerotiorum and other fungi [7]. These stromata are the overwintering structures
for tar spot, and the source of initial inoculum. However, reports of spore production
and percent germination by overwintered stromata vary considerably [8], suggesting
the presence of natural biocontrol organisms. Mycoparasites may contribute to reduced
survival of stromata, as reported for other stromata or sclerotia-like structures in several
fungal species [7,9] For example, several species of biocontrol organisms have been isolated
from the sclerotia of S. sclerotiorum, some of which have been commercialized as biological
control products [10,11]. Mycoparasites of stromata of Coccodiella miconiae, a relative of
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P. maydis, included fungi in the genera Cladosporium, Cornespora. and Sagenomella [12]. To
investigate the potential for biocontrol of tar spot, stromata from overwintered corn leaves
collected in Illinois were examined for the presence of mycoparasites or other biocontrol
agents. This study identifies several bacterial and fungal species infecting tar spot stromata
and describes bacterial and fungal species with potential to serve as biocontrol agents
against tar spot disease of corn.

2. Materials and Methods
2.1. Isolation of Organisms

Several overwintered corn leaves of inbred GE440 (planted from seed increased from
plants originally obtained from the USDA-ARS Plant Introduction Center) were collected in
late April 2022 from a 2021-planted research plot. This site in Peoria, IL, has had continuous
corn production for several years and is thus more ecologically stable and likely to yield
biocontrol agents for tar spot than commercial fields where crop rotation typically occurs.
Stromata were cut from leaves along with a small leaf piece “handle”. Approximately
50 stromata were surface sterilized with 70% ethanol and then blotted dry as described
previously [8]. Stromata were placed in Petri dishes with tight fitting lids (FalconR 351006,
Corning Inc., Corning, NY, USA) containing 5 mL of 3% water agar to induce rehydration
and stimulate growth of mycoparasites; in some cases, a few µL of sterile water was added
to help with rehydration. Plates were held at 25–27 ◦C. Stromata were examined daily for
outgrowth of organisms that were not visually the same as any seen from the attached leaf
material, and organisms noted were photographed with cameras equipped with macro
lenses. Microorganisms were isolated using two different methods. In the first method,
fungal mycelium growing out of a single stroma was transferred to a potato dextrose agar
(PDA, Difco potato dextrose broth, Becton Dickinson Company, Sparks, MD, USA, with
bacto agar at 20 g/L) plate using a sterile metal probe. A few days later, bacteria were
observed growing together with the fungus. The bacteria were transferred to a new PDA
plate, whereas the bacterium-contaminated fungus was transferred to a PDA plus 0.01%
chloramphenicol plate. In the second method, petroleum jelly was used to stick leaves
with stromata to the inside of the top lid over a 3% water agar plate. After 2–3 days,
microorganisms growing on the surface of the agar were transferred to nutrient media
plates (Luria broth (LB) or tryptone glucose yeast extract (TGY) for bacteria or PDA for
fungi). LB agar plates consisted of tryptone (10 g/L), sodium chloride (10 g/L), yeast
extract (5 g/L), and bacto agar at 15 g/L. TGY agar plates consisted of tryptone (5 g/L),
yeast extract (5 g/L), K2HPO4 (1 g/L), and glucose (1 g/L); the pH of the final mixture was
adjusted to 7.0 and bacto agar was added at 15 g/L before autoclaving.

2.2. Identification of Organisms

Genomic DNA was isolated from fungi as previously described [13] with a modifica-
tion: a small fragment of fungal mycelia from the culture plate was pulverized with a small
amount of 800 µm silica beads using a Minibead Beater (Biospec Products, Bartlesville,
OK, USA). Genomic DNA was isolated from bacteria as described in [14] with several
modifications. A 1 mL aliquot of bacterial overnight culture was centrifuged at 16,000× g;
the bacterial pellet was first suspended in 480 µL of 50 mM EDTA and 120 µL of 5 mg/mL
lysozyme was then added. The suspended pellet was incubated at 37 ◦C for 30–60 min and
the suspension was centrifuged at 16,000× g for 2 min. The supernatant was moved to a
new tube and 600 µL of nuclei lysis solution was added. The lysate was incubated at 80 ◦C
for 5 min. After cooling to room temperature, 12 µg of ribonuclease A was added to the
lysate and the mixture was incubated at 37 ◦C for 15–60 min. Then, 250 µL of 5 M NaCl
was added to the lysate and the mixture was vortexed for 20 s. The mixture was kept on
ice for 5 min and then centrifuged at 16,000× g for 3 min. The method was continued as
previously described [14]. Genomic DNA was stored at −20 ◦C until processing. PCR am-
plification of various gene products from genomic DNA was performed using Platinum™
SuperFi™ II DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA) according
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to the manufacturer’s instructions; primers used for PCR product amplification are listed
in Supplementary File S1. PCR products were sequenced using the BigDye Terminator
Cycle Sequencing Kit (Version 3.1, Applied Biosystems, Foster City, CA, USA) and BLAST
analysis (National Center for Biotechnology Information (NCBI) was used to determine
potential identities [15]. For bacteria, conserved gene sequences targeting the 16S rDNA
gene were amplified by PCR, sequenced, and utilized for identification of each organism.
In some cases of bacterial identification, a portion of the gyrB gene was also amplified from
genomic DNA because the 16S rDNA gene sequence was not suitable to identify the bac-
terium to the species level. The threshold for assigning a bacterial sequence to the species
level was 98% or greater similarity of the PCR product sequence with a GenBank accession
from the nucleotide collection or the whole genome shotgun contig database. For fungi,
conserved gene sequences targeting the rDNA gene were amplified from genomic DNA
using PCR and sequenced; these PCR products could not identify the fungi to the species
level. Therefore, a portion of the actin gene was amplified by PCR in the Cladosporium
fungi [16,17], whereas portions of three genes (RNA polymerase second largest subunit,
rpb2; Alternaria major allergen, Alt-a1; glyceraldehyde 3-phosphate dehydrogenase, gapdh)
were amplified via PCR in the Alternaria fungi. These Alternaria genes were sufficient to
distinguish new species in a recent paper [18]. Phylogenetic analysis (see below) was used
to identify Cladosporium and Alternaria fungi to the species level. All the sequencing results
were supplied in the Supplementary File S2.

2.3. Repression of Stromata Germination by Representative Fungal Potential Biocontrol Agents

Corn leaves with tar spot stromata were collected from a field in Peoria County, IL,
in late July 2022. Leaves were rubbed gently while held under flowing deionized water
to dislodge debris and blotted dry with WipeallR L40 wipes (Kimberly ClarkRoswell, GA,
USA). Leaves containing approximately 50 to 100 P. maydis stromata in a 100 cm2 square
were trimmed with the midvein central so they would fit snugly and flat in 100 × 15 mm
Petri dishes containing 25 mL of 3% water agar. Plates were sealed with 3 M microp-
ore™ surgical tape (3 M Company, ST. Paul, MN, USA) and allowed to incubate at room
temperature overnight. The experiment was set up with three treatments, including two
representatives of the most common genera of potential biocontrol fungi isolated from
overwintered stromata (Alternaria alternata/arborescens and Cladosporium rectoides), and the
commercial biofungicide LALstop G46wg, which contains Gliocladium catenulatum strain
J1446, obtained from Lallemand Specialties (Milwaukee, WI, USA). Spores were obtained
from fresh cultures of potential biocontrol fungi that were grown on S-medium [19]. So-
lutions of spores from the candidate biocontrol fungi were diluted to 10 colony forming
units per µL in 0.01% Triton X 100 (Sigma Chemical, St. Louis, MO, USA). The commercial
biofungicide LALstop was also diluted to 10 CFU per µL to match that for the candidate
biocontrol fungi from the stromata, which was comparable to the recommended application
rate. The next day, stromata that had not germinated were treated with 1 µL per mm diam-
eter of control or spore solution, with 10 stromata treated on each side of the leaf midrib
with either control (Triton X 100 solution alone) or spore solution. Plates were allowed
to incubate at room temperature for 4 days, and then the number of treated germinated
stromata was determined. Each treatment was replicated 3 times.

2.4. Phylogenetic Analysis

Partial gene sequences from Alternaria (Alt-a1, gapdh, and rpb2 genes) and Cladosporium
(actin gene) ex-type species were retrieved from NCBI. Sequences of Cladosporium ex-type
strains, ex-epitype strains, and the strains from this study were aligned (using the Muscle
alignment tool) and phylogenetic tree constructed using MEGA 11 [20]. Sequences of
Alternaria ex-type strains and the strains from this study were aligned (using the “very
accurate” algorithm in the classical sequence analysis menu) in CLC Genomics Workbench
Version 22.0.2 (Qiagen, Valencia, CA, USA). Each Alternaria gene was aligned individually
and trimmed at the edges; nucleotides within the gene that had low consensus among all
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the sequences were removed from the alignment. A multi-locus alignment of the three
genes was made using the “join alignments” function. The alignment was imported into
MEGA 11 and the phylogenetic tree constructed.

2.5. Statistical Analysis

Significant differences in frequency of tar spot stromata germination between con-
trol treated stromata and biological control organism treated stromata were determined
using weighted Chi Square analysis with the SAS Version 7.1 Proc Freq (SAS Institute,
Cary, NC, USA).

3. Results

No germinating stromata were observed in any collected overwintered tar spot in-
fected material. However, several different types of organisms were observed growing out
from stromata and not the leaf “handle” (Figure 1). We recovered 43 isolates of bacteria and
fungi from approximately 50 of the P. maydis stromata (Table 1). Bacteria isolates included
four species of Pantoea, including P. agglomerans (3 isolates), as well as two isolates of Priestia
(formerly known as Bacillus) megaterium. Other bacteria isolated included Curtobacterium
faccumfaciens, and multiple species of Pseudomonas, including P. graminis, P. prosekii, and
P. quercus. One Pseudomonas isolate is either P. fluorescens or P. shahriarae.
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Table 1. Identities of organisms recovered from overwintered tar spot stromata.

Organisms Directly Removed from Stromata Number of Individual Organisms Biological Control Properties Reported

Fungi

Alternaria 1

A. alternata/A. arborescens 11 Yes *

Alternaria ovoidea 6 Yes

Cladosporium rectoides 1 Yes *

Cladosporium subuliforme 1 Yes

Bacteria

Curtobacterium flaccumfaciens 2

Pantoea agglomerans 3 Yes

Pantoea ananatis 1 Yes

Pantoea anthophila 1 Yes

Pantoea eucalypti 2 Yes

Priestia megaterium 2 Yes

Pseudomonas graminis 3 Yes

Pseudomonas prosekii 1 Yes

Pseudomonas quercus 1

Organisms that fell onto water agar plates
from stromata

Fungi

A. alternata/A. arborescens 4 Yes

Cladosporium crousii 1

Bacteria

Priestia flexa 1

Pseudomonas fluorescens or shahriarae 1

* Reported in this study for the first time; isolates A. alternata/A. arborescens 11C + F and Cladosporium rectoides
10RDF exhibited biological control properties.

Alternaria was the most common fungus isolated from the stromata (Table 1). The
Alternaria fungi could not be identified to the species level using the amplified region of
the rDNA gene. PCR amplification of three gene fragments and subsequent phylogenetic
analysis of the multi-locus alignment indicated that 6 isolates were A. ovoidea and 15 were
possibly A. alternata or A. arborescens (Supplementary File S3). Three putative Cladosporium
strains were isolated. The phylogenetic analysis (Supplementary File S4) indicated the
three Cladosporium isolates were C. crousii, C. rectoides, and C. subuliforme.

The number of germinating stromata as indicated by exudate presence was signifi-
cantly reduced by spore suspensions of two representative fungal species isolated from tar
spot stromata compared to control applications (Table 2). However, none of these fungi
were as effective as the commercially available G. catenulatum.
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Table 2. Inhibition of tar spot stromata germination by putative biocontrol fungi.

Organism Source % Germination
Control

% Germination
with Organism X2 Value p Value

Gliocladium
catenulatum Commercial 83.3 10.0 32.4107 <0.0001

Alternaria
alternata/

arborescens 11C + F
Present study 66.7 36.7 5.4060 0.0201

Cladosporium
rectoides 10RDF Present study 50.0 26.7 3.4548 0.0653

% germination values are based on three replicates of 10 stromata for each treatment per replicate, with each
replicate having the control and fungal treatments on opposites sides of the same leaf.

4. Discussion
4.1. Biocontrol Potential of Bacteria Isolated from Tar Spot Stromata

Of the 18 bacteria isolated from tar spot stromata, only P. megaterium has been reported
from the corn microbiome [21]. Some bacterial species that we isolated from tar spot
stromata have previously been reported as biocontrol agents or have properties of biocontrol
agents. Due to limited available leaf material with the needed density of stromata, bioassay
evaluation of representative bacteria was not performed. Although the Curtobacterium
species we isolated from tar spot stromata has not previously been reported as a biocontrol
agent, Curtobacterium spp. can be present in plants as pathogens or endophytes. An
undescribed species of Curtobacterium was chitinolytic and had potential as a biocontrol
agent [22]. Pantoea (formerly Enterobacter) agglomerans is reported as a biocontrol for many
fungal pathogens such as Botrytis cinera, Pythium sp., and Sclerotinia sclerotiorum in several
fruit, vegetable, and row crops [23]. Although many strains of Pantoea ananatis are plant
pathogens, one has been reported as mycoparasite of wheat leaf rust, Puccinia graminis [24].
A strain of P. anthophola antagonized the growth of Ralstonia solanacearum [25]. A non-
nitrogen-fixing strain of P. eucalypti promotes the growth of the pine Pinus massoniana [26],
which could be due to inhibition of pathogens. Other species of Pantoea have also been
reported as biocontrol agents [27].

Priestia megaterium has been reported to control septoria tritici blotch [28] of wheat
caused by ascomycete fungus, Mycophaerella graminicola, multiple species of mycotoxigenic
fungi [29], and other fungal pathogens in diverse crops [23]. Other Priestia species have
also been reported as biocontrol agents [30]. Pseudomonas graminis has been reported
as an antagonist of the fire blight causal organism Erwinia amylovora [31]. Pseudomonas
prosekii inhibits plant pathogenic strains of P. fluorescens and P. viridiflava [32]. Pseudomonas
fluorescens has been widely reported as a biological control agent effective against both
bacterial and fungal plant pathogens, and different strains have been commercialized in
several instances [33]. For example, pathogen inhibition by P. fluorescens has been reported
for Venturia inaequalis in apple, Macrophomina phaseolina in mung bean, Fusarium moniliforme
in cauliflower, Xanthomonas campestris pv. malvacearum in cotton, Puccinia arachidis in peanut,
Magnaporthe grisea in rice, Rhizoctonia solani in tomato, and Helminthosporium sativum in
wheat [33]. No biological control properties have been described for Pseudomonas shahriarae,
which was isolated from the rhizosphere of wheat growing in Iran [34].

4.2. Biocontrol Potential of Fungi Isolated from Tar Spot Stromata

The commercial fungus formulation of G. catenulatum was very effective at inhibiting
germination of P maydis stromata in corn leaves. Alternaria alternata/arborescens strain
11C + F, which was isolated from an overwintered P. maydis stroma, reduced germination
of stromata in growing season leaves at statistically significant levels compared to the
control leaves but was not as effective at reducing germination rates as G. catenulatum.
Cladosporium rectoides strain 10RDF reduced germination rates of stromata in growing
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season leaves but the germination rate was not lower than the germination rate in the
control leaves at a statistically significant level (p = 0.0653). Of the fungi isolated from tar
spot stromata, only A. alternata has been reported from the corn microbiome [21]. Because
different taxonomic approaches can identify the same fungus as two different species [35], it
is challenging to compare past reports of fungal biocontrol agents that were predominately
based on morphological identifications with isolated species identified using molecular
methods in the present study. However, several species in the two genera of fungi we
isolated from tar spot stromata have been reported as biocontrol agents. Eight species of
Alternaria are reported as biocontrol agents [36], one of which, A. alternata, we identified
in the present study. A. alternata is reported as a biocontrol agent for tan spot of wheat
caused by Pyrenophora tritici-repentis [37], verticillium wilt of cotton caused by Verticillium
dahlia [38], and white mold of bean caused by Sclerotinia sclerotiorum [39]. Alternaria ovoidea,
which we isolated in the present study, has been reported as a saprophyte of the grass
Dactylis glomerata [18]. Based on the saprophytic capabilities of some biocontrol agents of
sclerotia described previously, it would not be surprising that A. ovoidea could also function
as a mycoparasite. The other species of Alternaria reported previously as biocontrol agents
have been used on banana, cyclamen, cotton, grape onion, roses, and strawberry, primarily
against Botrytis and Verticillium spp. pathogens [36].

One species of Cladosporium, C. subuliforme, which we isolated from tar spot stromata
in the present study, has previously been reported as a biocontrol agent. C. subuliforme from
the rice phylloplane inhibited the growth of four rice fungal pathogens in dual culture plate
assays [40]. Five other species of Cladosporium have been reported as biocontrol agents [36],
although none of the species were the same as those identified in the present study. These
additional species of Cladosporium have been used as biocontrol agents on chrysanthemum,
cotton, guava, and grape for control of Colletotrichum, Eutypa, Puccinia, and Verticillium spp.
pathogens [36].

4.3. Potential Role of Biocontrol in Tar Spot Management

The disease cycle of the tar spot pathogen is not well understood, although it is thought
that the overwintered stromata are the source of initial infective material each growing
season, and that the disease can spread through a corn field when spores are released by
germinating stromata [2]. Plant resistance has been suggested and utilized to help reduce tar
spot disease [2]. However, under certain conditions, even resistant varieties can be severely
infected by the tar spot pathogen [5]. Although some fungicides are labeled for tar spot
disease control (e.g., Veltyma), only spores and mycelia are listed as targets, not stromata.
Stromata from fields treated with fungicide labeled for tar spot will still sporulate a few
weeks after treatment (authors, personal observation). However, there are commercial
products labeled to control species of sclerotia forming fungi, including Coniothyrium
minitans (Contans WG), G. castenulatum (LALstopG46), and Trichoderma harzianum (Trianum-
G); it should be noted that sclerotia are analogous to P. maydis stromata. Previous reports
indicated these species can control several species of sclerotia-forming fungi, although the
tar spot organism is not mentioned as one of them; G. castenulatum and T. harzianum are
described as “ecologically facultative” [7] and thus can also survive as saprophytes and
potentially persist to exert long-term control. The commercial strain of G. castanulatum,
which is labeled for use in many crops, including corn, has saprophytic capabilities [41],
and this strain was able to prevent germination of tar spot stromata as indicated in the
present study. Trichoderma harzianum has been used to control foliar disease in corn [42].

The present study indicates that overwintered tar spot stromata can also be a source
of useful biological control organisms, as two representative isolates significantly reduced
the percentage of stromata germination compared to the control treatment. Stromatal
isolates may have advantages over existing commercial materials such as the ability to
grow and infect tar spot stromata under cooler conditions, making them more suitable for
applications in the fall season to reduce the viability of overwintering stromata. However,
the present study also suggests that overwintering fungi can be applied during the growing
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season and provide some control of stromata to augment fungicides that target spores
and mycelia of the tar spot pathogen. Infected nongerminating stromata have also been
collected during the growing season at different locations in 2022 and were common in
late season stromata collected from the site investigated in the present study indicating
growing season applications could also be used to reduce overwintering survival of tar spot
stromata. However, further study is needed to identify the most effective organisms/strains
under proposed field application conditions and determine whether undesirable traits,
such as plant pathogenicity or other genes that produce harmful proteins, are present.

5. Conclusions

The present study suggests that survival of overwintering tar spot stromata can
be greatly reduced by both bacterial and fungal mycoparasites. Some of the species of
organisms that we recovered from stromata have previously been reported to be biocontrol
agents. Three example microorganisms that we tested significantly reduced the percent
sporulation of growing season stromata, suggesting that mycoparasites can be used as part
of an integrated management plan for both early season preventative and growing season
control measures for tar spot disease in corn.
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Abstract: Sporisorium scitamineum, the basidiomycetous fungus that causes sugarcane smut and
leads to severe losses in sugarcane quantity and quality, undergoes sexual mating to form dikaryotic
hyphae capable of invading the host cane. Therefore, suppressing dikaryotic hyphae formation
would potentially be an effective way to prevent host infection by the smut fungus, and the following
disease symptom developments. The phytohormone methyl jasmonate (MeJA) has been shown to
induce plant defenses against insects and microbial pathogens. In this study, we will verify that the
exogenous addition of MeJA-suppressed dikaryotic hyphae formation in S. scitamineum and Ustilago
maydis under in vitro culture conditions, and the maize smut symptom caused by U. maydis, could be
effectively suppressed by MeJA in a pot experiment. We constructed an Escherichia coli-expressing
plant JMT gene, encoding a jasmonic acid carboxyl methyl transferase that catalyzes conversion from
jasmonic acid (JA) to MeJA. By GC-MS, we will confirm that the transformed E. coli, designated as the
pJMT strain, was able to produce MeJA in the presence of JA and S-adenosyl-L-methionine (SAM as
methyl donor). Furthermore, the pJMT strain was able to suppress S. scitamineum filamentous growth
under in vitro culture conditions. It waits to further optimize JMT expression under field conditions
in order to utilize the pJMT strain as a biocontrol agent (BCA) of sugarcane smut disease. Overall,
our study provides a potentially novel method for controlling crop fungal diseases by boosting
phytohormone biosynthesis.

Keywords: filamentous growth; jasmonic acid carboxyl methyl transferase (JMT); methyl jasmonate
(MeJA); pathogenicity; Sporisorium scitamineum; sugarcane smut

1. Introduction

Sporisorium scitamineum is the fungal pathogen that causes sugarcane smut [1]. Diploid
teliospores of S. scitamineum are airborne and can survive in harsh environmental conditions.
The smut teliospores germinate on sugarcane buds, forming promycelium from which
two pairs of haploid sporidia (basidiospores) with opposite mating types, MAT-1 and
MAT-2, are generated via a round of meiosis. The sporidia of opposite mating types can
recognize each other and fuse, undergoing sexual mating, and afterwards switch from a
yeast-like growth style to dikaryotic hyphae, undergoing a so-called dimorphic switch.
Dikaryotic hyphae are capable of infecting sugarcane, likely through buds. The smut
disease symptoms are characterized by the emergence of a typical structure produced on
the apex or side shoots of sugarcane stalks, called “smut whip”, which contains teliospores
formed from a fusion of two nuclei of the dikaryotic hyphae [2,3].
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Given that a post-mating dimorphic switch is critical for host infection, molecules
controlling this step are potential disease management targets. The mechanisms of sex-
ual mating and pathogenicity of smut fungi were well-studied on the model fungus
Ustilago maydis [4]. The processes of infection and sexual mating are similar in smut fungus,
and the research on U. maydis provides an important reference for S. scitamineum [5]. Differ-
ent mating types are determined by two alleles, named MAT loci which include a locus and
b locus, in S. scitamineum and U. maydis [5]. In S. scitamineum, the MFA genes of the mating
locus encode pheromone precursors (including a factor and α factor), which undergo a
series of post-translational modifications and are secreted out of sporidial cells, serving as
signaling molecules [6–8]. The a or α pheromone is recognized by the pheromone receptor
Pra of the opposite-mating type, which transmits the signal into the cell and through the
MAPK or cAMP-PKA, and thus signaling cascades to the global transcriptional factor
Prf1, which in turn induces dikaryotic hyphae growth via activating a and b locus [8–11].
The conserved farnesyltransferase (FTase) β subunit SsRam regulates the yeast-to-hyphae
dimorphic switch, stress resistance, and pathogenicity of S. scitamineum, likely via cat-
alyzing farnesylation of the pheromone precursor Mfa1 [8]. Besides conveying the sexual
pheromone signal, the MAPK SsKpp2 and SsHog1 are involved in the response to extra-
cellular osmotic stress, and thus regulate the dimorphic switch and stress resistance [9,11].
An investigation of the molecular mechanism underlying the S. scitamineum dimorphic
switch/filamentous growth would provide a theoretical basis for developing novel and
effective management strategies of sugarcane smut, which is largely lacking and urgently
needed in agricultural practices.

Jasmonic acid (JA) and its methylated product, methyl jasmonate (MeJA), are impor-
tant phytohormones and play an important role in plant resistance to biotic and abiotic
stresses [12]. MeJA treatment with the tomato before sowing can reduce the attack of the
soil-born fungal pathogen Fusarium oxysporum f.sp. lycopersici [13]. Endogenous MeJA
content of plants increases significantly in response to mechanical damage, pathogen in-
fection, ozone and metal stress in Brassica napus L. [14]. In Arabidopsis thaliana, gaseous
MeJA can effectively reduce the harm caused by fungal pathogens Alternaria brassicicola,
Botrytis cinerea, or Plectosphaerella cucumerina [15]. Jasmonic acid carboxyl methyl trans-
ferase (JMT) catalyzes MeJA formation by using JA as a precursor [16]. Over-expression of
AtJMT in A. thaliana induces the constitutive expression of JA biosynthesis-related genes
and confers enhanced resistance towards the fungal pathogen B. cinerea [17]. Rice OsJMT
gene is induced by infestation with brown planthopper (Nilaparvata lugens), catalyzing JA
to MeJA and thus regulating herbivore-induced defense responses [18]. Taken together,
enhanced levels of MeJA by JMT function can confer plant immunity against pathogenic
fungi and pests.

In this study, MeJA displayed a significant inhibitory effect on S. scitamineum mat-
ing/filamentation, while JA did not. In addition, exogenous application of MeJA to maize
seedlings grown in pots could significantly improve the ability of maize to resist the oc-
currence of smut disease. Through heterologous expression of A. thaliana JMT gene in
Escherichia coli, we generated a strain, designated as pJMT strain, capable of converting JA
to MeJA under in vitro culture conditions. To test the capacity of pJMT strain in controlling
smut disease, we applied it to maize or sugarcane plants exposed to smut fungi (U. maydis
and S. scitamineum), respectively. In summary, enhancing plant resistance to pathogens by
microbes-dependent phytohormone biosynthesis may serve as a biological control method
pending necessary optimization for utilization in field conditions.

2. Materials and Methods
2.1. Fungal Strains and Culture Conditions

The S. scitamineum strains MAT-1 (eGFP) and MAT-2 (dsRED) used in this study were
generated by Yan et al. [19], and stored in Deng Y’s lab. The haploid MAT-1 (U9) and
MAT-2 (U10) strains of U. maydis were provided by Jiang Z’s lab. The S. scitamineum and
U. maydis sporidia were cultured in YePS medium [19], and the sexual mating medium
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of U. maydis was YePS medium supplemented with 1% activated carbon. Fungal cells
were cultured in 2 mL YePS medium at 28 ◦C, shaken at 200 rpm for 2 days, then collected
by centrifugation and washed with 2 mL sterilized water before being re-suspended in
sterilized water to reach OD600 ≈ 1.0. Equal volumes of S. scitamineum or U. maydis
sporidia, of opposite mating types, were mixed to induce sexual mating and the following
filamentous growth. For the suppression assay, sporidia of wild-type MAT-1 and MAT-2
sporidia of S. scitamineum (OD600 ≈ 1.0 for both) were mixed (1 µL for each) and allowed
to grow on YePS solid medium containing JA or MeJA of different concentrations. The
filamentation of the fungal colonies was assessed visually, and the experiments were
repeated three times.

2.2. Construction of JMT Expression Plasmid

The A. thaliana JMT (GeneBank: AY008435.1) nucleotide sequence was synthesized by
Suzhou Genewiz Biological Technology Co., Ltd. (Suzhou, China), and inserted into the
EcoR I-Sal I site of the expression vector pRSFDUET-1 [20]. The resultant plasmid carries
the JMT gene driven by T7 promoter following the lacI repressor, and therefore is inducible
by Isopropyl β-D-Thiogalactoside (IPTG) [21]. The expression plasmid was transformed
into E. coli BL21(DE3) strain, and verified by PCR amplification using the primers as listed
in Table 1. The verified strain was named pJMT strain. To test whether it could produce
MeJA, JA (as the precursor) and SAM (S-adenosyl-L-methionine as methyl donor) were
applied to the culture medium.

Table 1. Primer sequences.

Primer Sequence (5′-3′) Notes

Actin-F CAGCTCGATGAAGGTCAAGAT

qRT-PCR

Actin-R CAGCTCGATGAAGGTCAAGAT
Q-bE1-F CCAACGACGAAAGCGCGACG
Q-bE1-R GACTCTCTGCGAGCGGGCAT
Q-bE2-F CCAACGACGAAAGCGCGACG
Q-bE2-R GACTCTCTGCGAGCGGGCAT
Q-bW1-F CGAGAAAGGCACACAACGTC
Q-bW1-R CACCTTTTGGGGAGTTCCGA
Q-bW2-F TGTTGATGAGCCAGTGCCTT
Q-bW2-R AGTTCCGACTGGCTGAAGTG
Pra2-P1F GAAGAGCCTCAGCCGTTATAC
Pra2-P1R GGGTTCCCTTACTGAACCTTAG

Q-PCR-Mfa1-F ATGCTTTCCATCTTTACCCAGA
Q-PCR-Mfa1-R GTGCAGCTAGAGTAGCCAAG

Mfa2-P1F CGTCCAGGCCATTGTTTCT
Mfa2-P1R TAGGCCACGGTGCAGTA

Q-PCR-Pra1-F GGACGCTATCACCCAATCTTAC
Q-PCR-Pra1-R TCTCCAACATGGCAACACTC

pJMT-F GAATTCATGGAGGTAATGCGA Red front denotes restriction enzyme sites used
for plasmid constructionpJMT-R GTCGACTCAACCGGTTCTAAC

2.3. Total RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

A RNeasy mini kit (Qiagen (Hilden, Germany), 74104) was used for total RNA extrac-
tion. A TURBO DNA-free kit (Invitrogen (Waltham, MA, USA), AM1907) and TransScript
first-strand cDNA synthesis supermix (TransGen Biotech (Beijing, China), AT301) were, respec-
tively, used for gDNA removal and first strand cDNA synthesis, following manufacturer’s
instructions. PowerUp SYBR green master mix (Applied Biosystems (Waltham, MA, USA),
A25742) was used for qRT-PCR, with the primers as listed in Table 1, and the reaction was run
on a Quant Studio 6 Flex Real-Time PCR system (Applied Biosystems). Relative expression
folds were calculated by the 2−∆∆CT method [22] with ACTIN as an internal control. Statistical
analysis was performed by one-way ANOVA and Duncan’s multiple analyses.
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2.4. JMT Gene Induction

Induced expression of JMT gene: The pJMT-carrying strain (hereafter named as pJMT
strain) was cultured in 5 mL LB broth containing 50 µg/mL kanamycin (Dingguo, AK177),
at 37 ◦C and shaken at 200 rpm, until OD600 ≈ 1.0. IPTG (Genview, CI175) was added to
the pJMT strain culture to reach the final concentration of 1 mM, and then it was cultured
at 28 ◦C and 200 rpm for another 12 h. The bacterial cells were collected by centrifugation
at 1000× g and transferred to 50 mL of LB medium containing 200 µM jasmonic acid (JA,
Sigma-aldrich (St. Louis, MO, USA), J2500) and 200 µM SAM (Sigma-aldrich, A4377), and
incubated at 28 ◦C, 200 rpm for 12 h. The E. coli expressing the vector pRSFDUET-1 was
used as a negative control.

2.5. MeJA or JA Detection

For the extraction of MeJA from the induced pJMT strain cultured in the presence of
JA and SAM, the supernatant was collected after centrifuge and mixed with ethyl acetate of
equal volume. After phase separation, the ethyl acetate phase was collected and dried by
rotary evaporation (EYELA, OSB-2100). Such extracts were dissolved in 1 mL of methanol
and filtered through a 0.22-µm microporous filter (Nylon6). For detection of JA from
the extracts, high performance liquid chromatography (HPLC) was performed using the
following settings: 0.1% formic acid; water = 65/35 (v/v); flow rate = 0.3 mL/min; detection
wavelength = 205 nm; detection time = 20 min; and column temperature = 30 ◦C. The
column is Agilent HC-C18(2) 250 × 4.6 mm (5 µm).

MeJA was identified by gas chromatography/mass spectrometry (GC/MS) on an
Agilent 7890B/5977B (Agilent Technologies Inc., Santa Clara, CA, USA) series GC system
equipped with an Agilent HP-5MS capillary column (30 m × 250 µm × 0.25 µm) in scan
mode and split mode. The following temperature program was used: initial temperature
of 60 ◦C (5 min hold), increase to 270 ◦C at 30 ◦C/min. Ion source temperature was
220 ◦C, and transfer line temperature was 270 ◦C. Electron ionization energy was 70 eV,
and m/z = 30~450. MeJA was identified through standard compounds from the National
Institute of Standards and Technology (NIST, Gaithersburg, MD, USA) library database.

2.6. Pathogenicity Assays

Pot experiment: Maize (Hua Meitian 9; DYQS-16 × TG-9) was grown in pots until the
four-leaf stage, under the growth condition set as follows: humidity: 82%; light duration:
12 h. The mixed U. maydis MAT-1 and MAT-2 cells (OD600 ≈ 1.0, 1:1 in volume), with or
without 400 µM MeJA, were injected to the base of maize leaves. Injection with sterile water
served as blank control. The injected maize seedlings were allowed to grow under natural
conditions for 3 weeks, before examination of disease symptoms and photographing. The
pJMT strain’s effect on maize smut disease was tested following the same procedure. The
pJMT strain was pre-treated with IPTG to induce expression of the JMT gene.

Field experiment: Approximately 290 seedlings of ratoon cane (ROC 22) were used
for pJMT treatment, or untreated as control, respectively. The sugarcane cultivar ROC
22 was established as a susceptible cultivar towards smut fungus, as reported [23]. The
pathogenicity and biocontrol assay were carried out on an established diseased field
(Experimental fields of South China Agricultural University, 23.23 E, 113.63 W), which
steadily causes smut disease to the susceptible cane (ROC 22) to a rate above 20%. The
tested canes are 3rd year ratoon canes. Liquid-cultured pJMT (pre-treated with IPTG; the
concentration of pJMT fermentation product to the soil is approximately 4 × 105 cell/cm2)
was applied within three days from germination of ratoons after cutting off the above-
ground part of the canes, following the established procedure [24].

3. Results
3.1. MeJA Suppresses S. scitamineum Mating/Filamentation

We first tested the effect of MeJA, a phytohormone used by plants against biotic or
abiotic stresses [12], on S. scitamineum mating/filamentation, which is a critical step de-
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termining fungal pathogenicity. The result showed that, with 400–800 µM of MeJA, the
filamentation (dikaryotic hyphae growth) of S. scitamineum was completely suppressed,
and 200 µM MeJA caused reduced filamentation (Figure 1A). In contrast, treatment of JA,
the precursor of MeJA, did not affect S. scitamineum filamentation even under high concen-
tration (800 µM; Figure 1A). We conclude that MeJA specifically suppressed S. scitamineum
dikaryotic hyphae growth.
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Figure 1. MeJA suppressed S. scitamineum dikaryotic hyphae growth after sexual mating. (A) The
MAT-1 (eGFP) and MAT-2 (dsRED) sporidia were cultured in liquid YePS medium for 2 d and adjusted
to OD600 ≈ 1.0, before mixed as 1:1 ratio and inoculated on YePSA or MM-N medium containing
the indicated chemicals of various concentrations. The mating cultures were kept in the dark, at
28 ◦C, for 5 d before photographing. MAT-1 sporidia were spotted in the upper panel, while MAT-2
in the lower panel, of each plate. Three colonies in the middle of each plate are the mixed MAT-1
and MAT-2 sporidia to induce mating and filamentation. (B) Microscopic observation of fluorescent
protein-tagged S. scitamineum MAT-1 and MAT-2 sporidia [19] during sexual mating/filamentous
growth, using ZEISS Observer Z1. Arrows denote un-mating sporidia or hyphae. Scale bars = 20 µm.
(C) qPCR analysis to assess transcription of a locus gene MFA 1/2 and PRA 1/2, and b locus BE
1/2 and BW 1/2 during S. scitamineum filamentation with or without MeJA treatment. The 1:1 ratio
mixed MAT-1 and MAT-2 sporidia was allowed to grow on YePS medium under 28 ◦C, for 2 d, before
total RNA extraction and qRT-PCR analysis. Relative gene expression level was calculated by the
2−∆∆CT method [22] with ACTIN as an internal control. Primers used for transcriptional profiling
were listed in Table 1. Different letters indicate significant differences, n = 3. Methanol (20 µL per
40 mL medium) served as solvent control in (A–C). The experiments were repeated three times.

We further assessed whether MeJA affected sexual mating by observing sporidia
conjugation between two fluorescent proteins tagged sporidia of opposite mating types,
and the following dikaryotic hyphae formation [19]. Under MeJA treatment, we observed
abundant sporidia staying as monocyte status, failing to conjugate with the sporidia of
the opposite mating type even though they were close to each other (Figure 1B). In con-
trast, the untreated or the JA-treated sporidia can form the healthy hyphal, displaying
mixed fluorescent signals, suggesting cellular fusion between two sporidia (Figure 1B).
This confirms that MeJA is able to suppress S. scitamineum sexual mating. We further
measured the transcriptional levels of a and b locus genes, which control sexual mating and
filamentous growth, respectively [25], under different treatment conditions. The results
showed that the pheromone genes mfa1/2 and pheromones receptor gene pra1/2 increased
their transcription significantly in the presence of MeJA. In contrast, the transcription levels
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of b locus genes controlling filamentous growth and pathogenicity were suppressed by
MeJA (Figure 1C), likely accounting for reduced filamentous growth. Overall, MeJA is a
phytohormone with potential in suppressing the pathogenic development of the sugarcane
smut fungus.

3.2. MeJA Suppresses Maize Smut Disease Symptom in Pot Experiment

As it takes a long time for the systematic infection of S. scitamineum on sugarcane before
whip symptoms develop, we instead used maize smut fungus U. maydis to test the effect of
MeJA on fungal pathogenicity. U. maydis is a model fungus belonging to basidiomycetes
and closely related to S. scitamineum. As it takes long time for typical “whip” symptoms
to develop when caused by S. scitamineum infection to the sugarcane, processing a timely
application of MeJA would be difficult. Here, we intend to test the potential effect of MeJA
on smut disease suppression by using the U. maydis-maize system. First, we tested the
effect of MeJA on U. maydis sexual mating and filamentous growth. As is similarly observed
in S. scitamineum, MeJA was effective in suppressing U. maydis filamentous growth after
sexual mating (Figure 2A). Overall, MeJA caused reduced dimorphic switch in U. maydis.

We next tested the effect of MeJA on controlling maize smut disease. Approximately
60.87% of U. maydis infected seedlings displayed tumor symptoms on the stems or leaves,
and some seedlings were even dead (Figure 2B,C). MeJA treatment could effectively reduce
tumor formation rate, to 41.38% (Figure 2D). The death rate of U. maydis-infected seedling
under MeJA treatment was significantly reduced as compared to un-treated seedlings
(Figure 2D). Therefore, we conclude that MeJA has potential in preventing smut disease
caused by fungi.

3.3. Construction of Escherichia coli Expressing Plant JMT Gene

We next generated a plasmid for expressing the plant JMT gene (GenBank: AY008434.1),
encoding the jasmonic acid carboxyl methyl transferase that catalyzes conversion from
JA to MeJA [17]. The JMT gene was driven by a T7 promoter following the lacI repressor;
therefore, it is inducible by isopropyl-β-D-thiogalactoside (IPTG) [21]. We transformed
this constructed vector into E. coli (hereafter named as pJMT strain) and tested whether it
could produce MeJA, by using JA as the precursor and SAM (S-adenosyl-L-methionine)
as a methyl donor. Under in vitro culture conditions, IPTG induction led to a significant
decrease in JA (Figure 3A, retention time ≈ 18.5 min) content detected in the supernatant
of pJMT strain when compared to what was detected in the supernatant from un-treated
pJMT strain (Figure 3A). This indicates that induced expression of JMT gene catalyzed con-
version from JA to MeJA (Figure 3B). Furthermore, we used GC/MS to detect the presence
of MeJA in the supernatant of pJMT strain, with or without IPTG inducion. The results
showed that MeJA was detected in IPTG-induced pJMT strain, while not in un-induced
strain (Figure 3C). Overall, the result showed that the induced JMT enzyme was capable of
catalyzing conversion from JA to MeJA, likely using SAM as a methyl donor, under in vitro
culture conditions.

We further tested whether the pJMT strain was able to suppress S. scitamineum filamen-
tous growth by producing MeJA. By either confrontation, or supplying the supernatant of
pJMT culture, the dikaryotic hyphae growth of S. scitamineum was significantly suppressed,
when the JMT gene was induced by IPTG (Figure 4A,B). This indicates that the pJMT strain
was able to produce and secrete MeJA, and has potential as a biocontrol agent against the
sugarcane smut fungus.

3.4. Utilization of E. coli pJMT Strain in Controlling Smut Diseases

We next tested the effect of pJMT strain in controlling smut diseases, caused by
U. maydis on maize or by S. scitamineum on sugarcane. As sugarcane smut caused by
S. scitamineum takes a longer time (usually 3–6 months) to develop the typical “whip”
symptom, we firstly tested the potential disease control capacity of pJMT on maize seedlings
grown in pots. The results showed that U. maydis infection caused tumors formed on the
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stem of maize seedlings, either treated with pJMT strain or the control strain carrying vector
only (Figure 5). The disease incidence rate seems to show no obvious difference between
pJMT or the control strain-treated plants (Figure 5). Therefore, the pJMT strain did not
seem to be effective in suppressing tumor formation on the maize stems or leaves.
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Figure 2. MeJA suppressed U. maydis sexual mating/filamentation. (A) The MAT-1 and MAT-2
sporidia of OD600 ≈ 1.0 were mixed as 1:1 (v/v) and inoculated on the YePSA medium containing
MeJA (400 µM) or methanol (20 µL per 40 mL medium; solvent control). The mating cultures
were kept in the dark, at 28 ◦C, for 5 d before photographing and microscopic observation. Scale
bar = 20 µm. (B–D): Mixed U. maydis sporidia (1 mL; OD600 ≈ 1.0; MAT-1: MAT-2= 1:1, v/v), with
or without MeJA (400 µM) treatment, were injected to maize seedlings at the four-leaf stage (Hua
Meitian 9; DYQS-16 × TG-9). Injection with water served as blank control. The injected seedlings
were allowed to grow in pots under natural conditions for 21 d, before photographing the tumor
symptoms, as denoted by the arrows. The histogram was drawn by GraphPad Prism (Version:
8.0.2). The experiments were repeated three times, containing at least 23 seedlings for each treatment.
Significant differences in no-symptom plants between U. maydis-infected seedlings with or without
MeJA treatment were determined by a two-tailed Student’s t-test (* p = 0.0175).
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Figure 3. E. coli pJMT strain was able to convert JA to MeJA under in vitro culture conditions.
(A) Detection of JA by HPLC. The region in the dashed box denotes JA, detected as retention
time = 18.5 min, wavelength = 205 nm. The green line denotes JA standard, while the red line and
green line, respectively, denote the supernatant extracted from the pJMT culture with or without
IPTG induction. Peak area for the green line is 107,510.0, and 1815.1 for red line. (B) Schematic
representation of pJMT catalyzing conversion of JA to MeJA under in vitro culture conditions. (C) GC-
MS analysis to detect JA and MeJA from supernatant of the pJMT culture without IPTG induction
(upper panel) or under IPTG induction (lower panel).

Under laboratory conditions, pJMT strain showed a significant inhibitory effect on the
dimorphic switch of S. scitamineum (Figure 4B). We assumed that it could be a potential
biocontrol agent for protecting sugarcane from smut disease. A field experiment was
conducted to evaluate the control ability of pJMT strain against sugarcane smut. Approxi-
mately 290 sugarcanes from 90 clumps were grown from ratoons in an established diseased
field and used for untreated control and pJMT treatment plots, respectively. Liquid-cultured
pJMT (pre-treated with IPTG; the concentration of pJMT fermentation product to the soil
is approximately 4 × 105 cell/cm2) were applied within three days from the germination
of ratoons. The disease canes grew short and slim, and the whips appeared from the
trunks of a very early stage, in either untreated or pJMT-treated plots (Figure 6). There was
no significant difference in the disease-occurring rate between the untreated control plot
(20.6% diseased seedlings out of a total 294 seedlings) and the pJMT strain treatment (18.6%
diseased out of a total of 294 seedlings).

In summary, the engineered E. coli pJMT strain—which can catalyze a JA-to-MeJA
conversion—displayed a mild suppression effect on maize smut in the pot experiment and
had no obvious effect on sugarcane smut under field conditions. This strain needs further
optimization before it can be applied as a biocontrol agent against smut diseases.
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Figure 4. E. coli pJMT strain suppressed S. scitamineum filamentation under in vitro culture conditions.
The pJMT strain was able to suppress filamentous growth of S. scitamineum after sexual mating by
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in the liquid LB to reach a final concentration of 200 µM, with or without IPTG (1 mM) to induce
JMT induction. A total of 4 mL supernatant of pJMT culture was mixed with 6 mL YePS medium, on
which MAT-1, MAT-2 sporidia, or mixed sporidia (to induce mating and filamentation) were allowed
to grow for 3 d before photographing. (B) A total of 200 µM JA was added into YePS medium, on
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Figure 5. E. coli pJMT applied in controlling maize smut disease in pot experiment. The U. maydis
MAT-1 and MAT-2 sporidia (1:1, v/v, OD600 ≈ 1.0) were mixed, and 1 mL of such mixture was injected
into the the stem of four-leaf stage maize seedlings. In the treatment group, the U. maydis sporidia
mixture was suspended with liquid-cultured pJMT (OD600 ≈ 1.0). The E. coli harboring the vector
pRSFDUET-1 served as an untreated control, and the seedlings injected with water as the blank
control. The tumor symptoms were examined and documented at 21 d post infection.
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Figure 6. Black whip symptom of sugarcane smut in the sugarcane with or without pJMT treatment
under field conditions. Ratoons of the canes grown in the diseased field in the experimental fields of
South China Agricultural University (23.23 E, 113.63 W) were used for testing smut control capacity of
pJMT strain. Three plots containing approximately 290 seedlings, out of 90 clumps, were, respectively,
set as control or pJMT treatment plots. The pJMT culture was pre-treated with IPTG before being
applied to the ratoons within 3 days after cutting the above-ground parts. Disease symptoms,
including typical symptom and obvious growth defects of the infected seedlings, were evaluated at
three months post growth of the ratoons. A seedling with typical black whip and slim stem symptoms
is displayed in left panel. The disease occurring rate based on the number of black whips is quantified
and presented in the right panel. A significant difference (* p = 0.0165) in the number of diseased
seedlings in comparison between the pJMT treatment and untreated (control) plot was determined
by a two-tailed Student’s t-test.

4. Discussion

Sugarcane smut caused by Sporisorium scitamineum is considered as the most serious
and widespread disease of sugarcane [2], severely affecting sugarcane yields and qual-
ity, and thus causes significant economic loss [26–28]. The disease control methods for
sugarcane smut include physical control, fungicide control, and disease-resistant breed-
ing [29–31]. The application of fungicides is not only expensive, but also leads to serious
environmental pollution problems and drug-resistance to the pathogens with increasing
fungicide doses in pursuit of the desired control effects. Although disease-resistant breed-
ing is the most effective method to control sugarcane smut in agricultural practices, the
breeding process of disease-resistant varieties is difficult and time-consuming [32,33], and
ever-evolving pathogens cause the loss of resistance of disease-resistant varieties [34]. At
present, a highly efficient, sustainable, and environmentally friendly control strategy for
sugarcane smut is still lacking, and is in urgent need.

Phytohormones not only regulate plant growth, but also precipitate/regulate plant
immune responses to pathogens. Auxin regulates plant cell division, enlargement, and dif-
ferentiation [35]. Exogenous addition of auxin increases the tolerance of Medicago truncatula
to Macrophomina phaseolina infection [36], indicating a positive regulation of plant immu-
nity. In Arabidopsis thaliana, the exogenous addition of auxin affects the proliferation of
Pseudomonous syringae [37], but does not affect Fusarium oxysporum [38]. Salicylic acid (SA)
and jasmonic acid (JA) are important defense hormones. Necrotrophic pathogens can
activate JA-related defense responses [39]. SA plays an important role in defending against
infection by biotrophic and hemibiotroph pathogens [40]. Moreover, as a plant hormone,
SA can interact with a variety of plant hormone-related signaling pathways to activate
the immune response and disease resistance of plants [41]. The application of MeJA to
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roots or foliar tissues can enhance transcriptional expression levels of resistance genes in
sugarcane towards various classes of soil-borne pests and pathogens [42]. MeJA increases
plant resistance by regulating antioxidant defense systems in sugarcane seedlings [43],
Panax ginseng C.A. Mey. roots [44], and Glycine max L. leaves [45]. Furthermore, foliar
application of MeJA could improve the grape and wine quality [46].

In this study, we found that the phytohormone MeJA could inhibit the dimorphic
transition, a critical step in pathogenic development, of smut fungi S. scitamineum and
U. maydis (Figures 1 and 2A). The a and b locus play an important role in sexual mating
and hypha formation [3,5,24]. The qRT-PCR results of the coding genes showed that MeJA
inhibits S. scitamineum sexual mating while causing a significant increase in the transcrip-
tional levels of the mating type genes, pheromone genes mfa1/2, and pheromones receptor
gene pra1/2. We infer that suppressed transcription of b locus genes is more important for
regulating filamentation, which is inhibited by MeJA. Up-regulation of the a locus genes
does not guarantee promoted sexual mating, as the encoded pheromone peptides need
post-translational modification [8] for activation, and the pheromone receptors Pra1/2
need to recognize the activated pheromone peptide from the opposite mating-type [47]. In
addition, we noticed a limited difference in the transcription of the a and b locus genes in
presence of MeJA, which would almost completely suppress mating/filamentous growth.
We hypothesize that in addition to suppression of a and b locus gene transcription, MeJA
may target other pathways critical to the filamentation of S. scitamineum, which were not
identified in this study.

Furthermore, we found that the exogenous addition of MeJA suppressed disease
symptoms (tumors formation) caused by a U. maydis infection in maize seedlings, under
the pot experiment (Figure 2B). The pJMT strain, heterogeneously expressing the plant JMT
gene, was able to catalyze MeJA production using JA as a precursor (Figure 3). Although,
under in vitro culture conditions, the formation of S. scitamineum dikaryotic hyphae could
be effectively inhibited by confrontation or by supplying the supernatant of the pJMT
culture (Figure 4), suggesting that such a MeJA-producing pJMT strain could be potentially
used as a biocontrol agent against smut diseases caused by the fungal pathogens. However,
direct application of this pJMT strain to the infected maize or sugarcane seedlings, in
pot experiments or in field experiments, did not show an obvious disease control ability
(Figures 5 and 6). When performing the pot and field experiments, we pre-treated the pJMT
culture with IPTG to induce JMT expression. A possible reason for the failure of the pJMT
strain in controlling smut diseases may be the fact that the symptom development process
in the field is long and complicated. In the future, we would like to further modify this
strain by using a strong, constitutive, and native promoter of E. coli to drive the JMT gene.
Alternatively, a pathogen-inducible promoter would be screened and tested.

In conclusion, our results demonstrate that the phytohormone MeJA could suppress
a dimorphic switch, which was established as a key step of pathogenicity for smut fungi
(S. scitamineum and U. maydis). We further constructed a pJMT strain by expressing the
plant’s JMT gene, and verified that the engineered strain could catalyze a conversion from
JA to MeJA. At present, this pJMT construct showed no capacity in suppressing smut
disease either in maize (pot condition) or sugarcane (field condition). However, the idea
that a bacteria strain expressing a JMT gene could utilize a plant-source JA to facilitate
MeJA production was shown to suppress the dikaryotic hyphae growth of smut fungi in
this study. Future attempts will be conducted to monitor and enhance the colonization
ability and/or strain stability of the pJMT strain, with the aim to develop it as a useful tool
in the prevention and management of smut diseases.
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Abstract: Microbial pesticides can be significantly improved by adjuvants. At present, microbial
pesticide formulations are mainly wettable powders and suspension concentrations, which are usually
produced with adjuvants such as surfactants, carriers, protective agents, and nutritional adjuvants.
Surfactants can improve the tension between liquid pesticides and crop surfaces, resulting in stronger
permeability and wettability of the formulations. Carriers are inert components of loaded or diluted
pesticides, which can control the release of active components at appropriate times. Protective agents
are able to help microorganisms to resist in adverse environments. Nutritional adjuvants are used
to provide nutrients for microorganisms in microbial pesticides. Most of the adjuvants used in
microbial pesticides still refer to those of chemical pesticides. However, some adjuvants may have
harmful effects on non-target organisms and ecological environments. Herein, in order to promote
research and improvement of microbial pesticides, the types of microbial pesticide formulations were
briefly reviewed, and research progress of adjuvants and their applications in microbial pesticides
were highlighted, the challenges and the future perspectives towards sustainable green adjuvants of
microbial pesticides were also discussed in this review.

Keywords: surfactant; carrier; protective agent; nutritional adjuvants

1. Introduction

In modern agriculture and forestry, pesticides have always played important roles
in ensuring agricultural production as a necessity to increase grain production, regulate
crop growth, and control plant pests and diseases [1,2]. Following economic globalization,
the problems of chemical pesticide residue have attracted the attention of many countries.
Many of them have increasingly strict trade standards for pesticide residue in agricultural
products. Ideally, pesticides must be lethal to target pests, but not to non-target species,
including humans [1,3,4]. Microbial pesticides, mainly produced with naturally occurring
bacteria, fungi (including some protozoa and yeasts), and viruses, have been attracting
widespread attention due to their advantages in target specificity, environmental safety,
efficacy, biodegradability, and applicability in integrated pest management programs [5–7].

The United States is the first country in the world to manage pesticide additives. In
1954, the United States FDA implemented the ADI limit. In 1987, according to the policy of
“Reducing the potential adverse effects of the use of pesticide products containing toxic inert
ingredients”, the United States EPA conducted classified list management on the toxicity
and exposure hazards of additives (divided into four categories) [8,9]. The European Union,
through the implementation of REACH system, divides pesticide additives into three
categories of management, requiring that the limits of 227 substances with potential risks
among more than 3200 agricultural chemicals should be marked on the labels, and has
clearly stipulated that benzene organic solvents, nonylphenol/octylphenol polyoxyethylene
ether, and bovine ester amine surfactants should be restricted or prohibited in pesticide

Microorganisms 2023, 11, 364. https://doi.org/10.3390/microorganisms11020364 https://www.mdpi.com/journal/microorganisms
229



Microorganisms 2023, 11, 364

preparations [10]. At present, China has not implemented systematic management of
pesticide adjuvants, But a series of regulations have been put in place to regulate some
adjuvants [11].

Commercial pesticide preparations are always a mixture of “active ingredients” and
“other ingredients” (adjuvants) [12,13]. Biocontrol agents are formulations produced from
living organisms or substances produced by them for the control of pests or diseases.
Biopesticides are formulations that use living organisms (fungi, bacteria, insect viruses,
genetically modified organisms, natural enemies, etc.) or their metabolites (pheromones
and auxin, etc.) to kill or inhibit agricultural pests [14,15]. The proportion of bacteria as the
main active ingredient of microbial pesticides is the largest, followed by fungi, viruses, and
genetically modified microorganisms. Bacillus thuringiensis (Bt) bacterial insecticide is the
most widely used and most productive microbial insecticide in the world, accounting for
95% of microbial insecticides [16–18].

Since the active ingredients of microbial pesticides are mainly microorganisms and
their bioactive compounds, their growth and reproduction in the field are affected by
environmental factors such as temperature, humidity, and ultra-violet (UV) ray radia-
tion [19]. The microorganisms have strong hydrophobicity and are likely to form large
particles in solutions, which make the pesticides difficult to use to solve field application
problems such as wettability and suspension [20]. The drawbacks may be overcome by the
application of adjuvants to deliver the active ingredients to targets because adjuvants can
effectively improve physical and chemical properties of pesticide preparations. There are
more than three thousand kinds of pesticide adjuvants in common use. The value of pesti-
cide adjuvants market in 2015 was USD 2.51 billion [19]. To date, adjuvants are developing
towards multi-function adjuvants with characteristics that make them labor-saving, low
consumption, easy degradation, and low toxicity. They are often applied as wetting agents
and emulsifiers in the production of pesticide formulations [21,22].

Green pesticide is harmless to human health, friendly to the environment, ultra-low
dosage, high selectivity, and through the green process to produce pesticides [23]. At
present, most of the adjuvants used in microbial pesticides still refer to those of chemical
pesticides [24]. A green adjuvant is a kind of non-toxic, harmless, and good biodegrad-
able adjuvant added in the process of pesticide production [25]. Biogenic adjuvants are
traditionally green, but adjuvants synthesized from fine chemicals are also partially green.
Some traditional adjuvants are mostly chemical adjuvants, which have different effects
on the active ingredients and the environment. Compared with green adjuvants, it can
improve the performance of the preparation and has no impact on the environment. With
the development of green agriculture, the safety of pesticides and green pesticide adjuvants
is particularly important. [26–28]. Herein, in order to promote the research and develop-
ment of better microbial pesticides, types of microbial pesticide formulations were briefly
reviewed, and research progress of adjuvants and their applications in microbial pesticides
were highlighted, while the challenges and the future perspectives towards sustainable
green adjuvants of microbial pesticides were also discussed.

2. Types of Microbial Pesticide Formulations

There are many formulations of microbial pesticides such as wettable powders,
suspensions, oil suspensions, water dispersible granules, and suspension seed coatings
(Table 1) [29–31]. However, the production of microbial pesticides is relatively more com-
plicated than those of chemical pesticides [32,33]. During the preparation process, the
microorganisms in the pesticides are more sensitive to external environmental factors such
as UV rays, temperature, and humidity [34]. Compared with chemical pesticides, relatively
slow action affects the application efficiency of microbial pesticides. The microorganisms,
which are mainly bacteria, fungi, or viruses, are insoluble biological particulate matters
from 0.5 µm to 1000 µm. They will directly affect the physical properties of the pesticide
preparations such as suspension, dispersibility, and wettability [35].
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Table 1. Main formulations of microbial pesticides.

Main Formulations of
Microbial Pesticides

Types of Microbial
Pesticides

Main Registered
Formulations

Bacillus thuringiensis Bacterium WP, SC, and WG
Bacillus licheniformis Bacterium SL
Bacillus cereus Bacterium WP and SC
Bacillus sphaericus Bacterium SC
Bacillus subtilis Bacterium WP and FS
Bacillus amyloliquefaciens Bacterium WP, SC, and WG
Bacillus velezensis Bacterium WG and TK
Bacillus firmus Bacterium WP
Bacillus marine Bacterium WP
Brevibacterium brevis Bacterium SC
Paenibacillus polymyxa Bacterium WP and SC
Pseudomonas fluorescens Bacterium WP and WG
Beauveria bassiana Fungus WP
Locust Microsporidia Fungus SC
Metarhizium anisopliae Fungus WP
Paecilomyces lilacinus Fungus DP and GR
Trichoderma Fungus WP and GR
Verticillium pachyspora Fungus WP
Autographa californica nuclear
polyhedrosis virus Virus SE

Ectropis obliqua nuclear polyhedrosis virus Virus TK
Helicoverpa armigera
nuclear polyhedrosis virus Virus WP and SC

Mamestra brassicae
nuclear polyhedrosis virus Virus WP, SC, GR, and TK

Plutella xylostella granulosa virus Virus WP
Pierisrapae granulosis Virus TK
Spodoptera exigua nuclear
polyhedrosis virus Virus SC, WG, and TK

Spodoptera litura nuclear polyhedrosis virus Virus WP, SC, and WG
Wettable powder(WP), suspension concentration(SC), dispersible granules(WG), soluble liquid(SL), seed treat-
ment(FS), granules(GR), powder(DP), technical concentration(TK).

3. Classifications and Functions of Adjuvants Used for Microbial Pesticides

The adjuvants used in the production of microbial pesticides are mainly classified into
four categories: surfactants, carriers, protective agents, and nutritional adjuvants.

3.1. Surfactants

Surfactants can improve cost-effectiveness, increase processing efficiency, and save
energy and raw materials for the production of microbial pesticides (Figure 1). They
play important roles in maintaining long-term physical stability and improving biological
functions of the pesticides [36]. About 3.4 million tons of surfactants were produced in
2019, and microbial pesticides usually contain one or more surfactants [37,38].
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Surfactants have special molecular structures (amphiphilic structures) consisting of
hydrophobic and hydrophilic groups [39,40]. They can be divided into cationic, anionic,
nonionic, and amphoteric types by their hydrophilic groups (Table 2 and Figure 2) [41]:

(1) Cationic surfactants: The hydrophilic part is mainly quaternary ammonium ions with
strong antibacterial properties [36];

(2) Anionic surfactants: They mainly include ionic sulfonates, sulfates, and carboxylate,
most of which contain sodium or calcium. Straight chain alkyl sulfonates occupy the
largest market share of all anionic surfactants [42];

(3) Nonionic surfactants: They have polymerized glycol ether and glucose units, which
are mainly used as emulsifiers and wetting agents [43,44];

(4) Amphoteric surfactants: Contain both cationic and anionic groups in their structures.
They are not only soluble in water, but also highly compatible with other surfactants to
form mixed micelles. Their electric charges vary with pH, thereby affecting pesticide
properties such as wetting, sedation, and foaming [36].

Table 2. Main surfactants used for the production of microbial pesticides.

Types Main Products Features References

Cationic surfactants

Stearyl trimethyl ammonium
chloride (STAC) and Hexadecyl
trimethyl ammonium
bromide (TTAB)

Good water solubility,
strong bactericidal
power, and
adsorption power;
cannot be used with
anionic surfactants

[45]

Anionic surfactants

Calcium
dodecylben-zenesulfonate
(ABSCa) and Sodium 2-butyl-1-
naphthalenesulfonate (BX)

Good solubility,
safety and low
toxicity, and strong
stability

[46]

Nonionic surfactants
Dibenzyl biphenyl
polyoxyethylene ether, Defoamer
GP330 and tween-80

Good environmental
adaptability, strong
stability; cannot be
affected by strong
electrolytes, acids,
and bases

[47]

Amphoteric
surfactants

Dodecyl dimethyl
betaine (BS-12)

High cost with strong
permeability,
flocculation, adhesion,
resistance reduction,
and thickening

[48]
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3.2. Carriers

The main function of a carrier is to act as a tiny container or diluent for active in-
gredients of microbial pesticides [20]. The mass percentage of a carrier may exceed that
of the active ingredient in the pesticide [49,50]. Carriers such as diatomite, attapulgite,
silica, and bentonite with strong adsorption capacities can be used to manufacture high-
concentration powders, wettable powders, or granules (Table 3) [51]. Carriers such as talc,
pyrophyllite, sepiolite, and clay materials with low or moderate adsorption capacities are
generally used as diluents and fillers to produce low-concentration powders (Table 3) [52].
Their pore structures and specific surface areas enable the pesticides to be released into
the environments at relatively slow rates [53,54]. Carriers made with biodegradable ma-
terials also enable targeted and controlled release of active ingredients from microbial
pesticides [55]. For example, chitosan/carbon nanotube nanocomposites were used as the
carrier of controlled-release pesticides and prepared, uniformly dispersed carbon nanotube-
enhanced Cs films were applied to reduce the harm of pesticides to the environment during
the release process [56,57]. Biodiesel may be used as a dilution carrier in liquid pesticide
formulations [58]. Some natural plants and synthetic substances are also commonly used
as carriers (Table 3) [59].

Table 3. Carriers commonly used for the production of microbial pesticides.

Types of Carriers Features References

Bentonite

Its main component is montmorillonite, which has strong
adsorption and large specific surface area. After absorbing a large
number of water molecules, it expands and splits into extremely
fine particles.

[60]

Diatomite

Its main component is SiO2, which harbors many micropores and
has a capacity of low relative density, high porosity, and strong
adsorption. It is widely used in the manufacture of
high-concentration powder carriers.

[61]

Attapulgite clay

Its main component is attapulgite, which has a capacity of strong
adsorption and a property of large specific surface area and
unique thickening. It is widely used in the manufacture of
high-concentration powder carriers and granule substrates, as
well as thickeners for suspensions.

[57]

Kaolin

Its main component is kaolinite, which has a relatively compact
structure, a small specific surface area, and an adsorption
capacity. It is often used as a carrier for low-concentration
powders, and the price is relatively cheap.

[57]

Zeolite

Active ingredients in forms of porous hydrous aluminosilicate
crystals are highly adsorbable to certain polar molecules such as
zeolite and then slowly released. It is often used as a carrier for
sustained-release granules.

[62]

Sepiolite

Its main component is magnesium-rich fibrous clay minerals with
large porosity and specific surface area. It can absorb liquid and
low-melting pesticides. Because of its light weight, it can float on
the water surface.

[63]

Synthetic vectors

Most of them are made with light calcium carbonate and white
carbon black, which have strong specific surface area and
adsorption capacity, and can be used as a carrier for high
concentration powders.

[64]

Plant vectors

Most of them are made with bagasse, corn bagasse, chaff powder,
tobacco powder, and walnut shell powder. Plant-based carriers
are rarely used at present. Some of them have special properties
such as absorbing ultraviolet (UV) rays.

[65]

Nanostructured Lipid
Carriers

They have excellent permeability, retention, targeting, stability,
and can reduce or eliminate the side effects of active ingredients,
with good slow release and controlled release properties.

[66]

In the screening process of microbial pesticide carriers, the biocompatibility of carriers
and microorganisms in microbial pesticides is the primary concern [67]. Herein, a typical
microbial pesticide formulation will select a carrier with good biocompatibility. And the
formulation may also rely on wetting and dispersing agents to further improve its wetting
and dispersing properties [68]. However, a suitable carrier can confer enough wettability for
microbial pesticide formulations without the help of other adjuvants [69]. In fact, carriers
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greatly affect the wetting, suspending, and dispersing properties of microbial pesticide
formulations [35].

3.3. Protective Agents

They are mainly divided into the following two categories:

(1) UV protective agents

UV radiation causes passivation, degradation, or damage to microbial pesticides
(Figure 2) [70]. UV rays can inhibit the growth of microorganisms, and even cause them
to die in severe cases. UV protection agents used for the production of microbial pesti-
cides are mainly divided into UV ray absorbers and anti-oxidative UV protection agents.
UV ray absorbers such as locust toxin, optical brighteners, lignosulfonates, and milk can
absorb the UV part of sunlight and fluorescent light sources without changing itself [71].
Anti-oxidative UV protection agents such as Rubus oil, hemp seed oil, kojic acid, hydrox-
ykynurenic acid, flavonoids, and lecithin have strong antioxidant effects to help microbial
pesticides to avoid being easily oxidized and degraded into other substances that are
ineffective against harmful organisms under the irradiation of UV rays. Recently, the
development of nanomaterials also provides new ideas for novel UV protective agents [72].
Although UV protective agents such as melanin, berberine, fluorescent whitening agents,
and Congo red have significant photoprotective effects on Bt, they are cytotoxic to Bt, and
may have a certain impact on the environment [73]. Herein, environmental friendliness
should also be considered when UV protective agents are developed.

(2) Other protective agents

Microorganisms in microbial pesticide preparations are easily affected by adverse
factors such as temperature, humidity, and oxidation during storage and transportation,
which reduce the viable microorganism rate in the formulations and affect their field control
effects. Protective agents may also improve the control effect of microbial pesticides in the
field and prolong their shelf lives [74]. For example, a protective agent comprised of 8.00%
NaCl and 1.00% sodium acetate can increase the spore survival rate of a Bacillus subtilis
preparation by 22.53% [75]. The addition of protective adjuvants depends on the quality of
the biomaterial. In addition to benzoic acid or other chemicals, Bacillus spores can be kept
for many years without other protective substances to prevent contamination [76].

3.4. Nutritional Adjuvants

During the growth of microorganisms, they need water, inorganic salts, carbon sources,
nitrogen sources, and growth factors to grow normally. Nutritional adjuvants can provide
nutrients to microorganisms of microbial pesticides to improve their reproductive capacity
and promote their proliferation and growth in the field. At present, the research on
nutritional adjuvants mainly focuses on the supplementation of carbon and nitrogen
sources [77].

4. Application of Adjuvants in Microbial Pesticide Formulations

The majority of microbial pesticide formulations are wettable powders and suspension
concentrations. Therefore, this section first introduces the applications of adjuvants in them
and takes into account other applications.

4.1. Application of Adjuvants in Wettable Powders of Microbial Pesticides

A wettable powder refers to a pesticide formulation produced with active ingredients
and adjuvants such as carriers, wetting agents, stabilizers, and UV protective agents [78].
The average particle size of a wettable powder is about 44 µm with a = 75% suspension rate
and a < 2 min wetting time [79,80]. It can form a stable suspension with good dispersibility
after being dissolved and stirred in water and is generally used for spraying in the field [81].
Microbial pesticides, comprised of both microorganisms insoluble in water and organic
solvents as the active ingredients, are suitable for processing into wettable powders [82].
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Transportation and packaging costs of wettable powders are relatively low. The percentage
of active ingredients in the pesticides is higher than that of powders and renders good ad-
hesion to the crops after spraying. However, the powders may not be uniformly dispersed
and suspended in the solution during the application, causing problems such as blockage
of the nozzle and uneven spraying [83]. Half of registered Bt formulations are wettable
powders, which play important roles in the formulations of microbial pesticides [78,84].

Carriers are crucial to wettable powders because the first step of the production is to
culture microorganisms to obtain fermentation broths. Substances with strong adsorption
properties such as silica, bentonite, attapulgite, and diatomite may be selected as carriers,
whose effects on the survival states of microorganisms should also be considered [85]. Bio-
compatibility is the primary consideration to select a microbial pesticide carrier. At present,
the primary evaluation method of biocompatibility is to mix carriers with microorganisms
to investigate their survival rates [86]. There are some limitations to this approach. When
encountering an adverse external environment, microorganisms will enter dormancy or
spore state and survive well, and the carriers cannot show incompatibility with them [87].

Wetting agents such as sodium lauryl sulfate, stretch powder, polyethylene glycol, cal-
cium lignosulfonate, sodium carboxymethyl cellulose, sodium dodecylbenzene sulfonate,
sodium tripolyphosphate, lignin, and sodium sulfonate can also be added in the formula-
tions to reduce the interfacial tension between liquid and solid to increase the adhesion of
liquid to solid surface [88,89]. In the storage and transportation of microbiological pesti-
cides, the influence of a wetting agent on the water activity of microbiological pesticides
should be considered. Under certain water activity conditions, the active microorganism
can maintain a relatively good storage state [90].

Stabilizers such as sodium carboxymethyl cellulose, potassium dihydrogen phosphate,
calcium carbonate, and methyl cellulose are also key adjuvants for wettable powders [91,92].
Taking Bacillus as an example, spores are an important factor to help the bacteria resist
adverse environments by protecting the spores from decomposition caused by high tem-
perature [70].

The microorganisms in the pesticides are very sensitive to UV rays in a natural envi-
ronment. Herein, it is necessary to add UV protective agents to the production of wettable
powders [93].

4.2. Application of Adjuvants in Suspension Concentrations of Microbial Pesticides

A suspension concentrate, which is formed with active ingredients, carriers, and other
adjuvants, is super-pulverized by a sander wet method. Generally, its melting point is
higher than 60 ◦C, which is similar with the characteristics of both emulsifiable concentrates
and wettable powders [94]. Suspension concentrates can be mainly classified into water
suspension concentrates, oil suspension concentrates, and dry suspension concentrates.
They do not use organic substances as solvents and have no risk of inflammability and
explosion [82]. They have low toxicities to humans and animals. They are convenient for
storage and transportation and can be better sprayed by aircrafts than wettable powders.
When applied in the field, they can be mixed with any proportion of water, and easily to
adhere to crop surfaces. The production process of a suspension concentrate is relatively
simple and environmentally friendly, making it the mainstream formulation for microbial
pesticides [95].

The fermentation broth of microorganisms is directly used for the production of
suspension concentrates, which are prone to agglomeration, freezing, and precipitation
due to the fluidity of the fermentation broth. Herein, adjuvants such as preservatives,
dispersants, and stabilizers may be included in the formulations. Preservatives such as
potassium sorbate, ethyl p-hydroxybenzoate, and sodium benzoate need to have a good
inhibitory effect on mold, yeast, and aerobic bacteria in order to store the suspension
concentrations for a long time [96]. The particles of microbial pesticides can automatically
aggregate in the solvent, making the surface free energy of the formulations decrease,
thereby forming thermodynamically stable systems. A dispersant can make the pesticide

235



Microorganisms 2023, 11, 364

particles become smaller, preventing the particles from sedimentation and agglomeration.
Dispersants such as calcium lignosulfonate and carboxymethyl cellulose play important
roles in maintaining the formulation stability [97]. Stabilizers such as xanthogen glue and
magnesium aluminum silicate can control the sizes of the formulation droplets and prevent
them from drifting during spraying [98].

4.3. Application of Adjuvants in Other Formulations of Microbial Pesticides

Besides the above two formulations, granules, water-dispersible granules, and sus-
pended seed coatings are also often applied in the production of microbial pesticides [99].

Granules are solid and granulated with active ingredients and adjuvants. Their di-
ameter is 300–1700 microns. Their application is convenient, and their absorption and
dissolution efficiency are fast. Compared with wettable powders and suspension concen-
trates, the granules need adjuvants such as binders, colorants, lubricants, and disintegrating
agents [75]. Binders, connecting same or different solid materials, are hydrophilic or hy-
drophobic and indispensable to the formulation. Colorants have functions of warning and
classification for microbial pesticides. Lubricants are used to reduce the excessive pressure
in the manufacturing process of granules. Disintegrating agents such as NaCl, AlCl3, and
CaCl2 are applied to accelerate the disintegration rates of the granules [100].

Water-dispersible granules are granular formulations that can be rapidly disintegrated
and dispersed into a suspension after adding water. Dispersants, binders, and disinte-
grating agents are indispensable for accelerating their disintegration rate in water [101].
They also need wetting agents, anti-caking agents, and defoamers. The wetting agents are
intended to increase the wetting rates of pesticide particles into water and to improve the
penetration of water into the granules [102]. Anti-caking agents such as silica gel prevent
the formulation from caking by acting as a layer of sliding balls [99].

Suspension seed coatings are flowable and stable uniform suspensions made with
active ingredients, adjuvants, and water by wet grinding. The production process is simple
and the coating efficiency is high. However, they also have some disadvantages, including
aggregation of pesticide particles rendered by long-term storage, and poor coating caused
by sedimentation [103]. The formulation needs wetting agents such as alkyl sulfate, lignin
sulfur salt, and fatty amine polyoxyethylene ether to reduce the surface tension of solid-
liquid interfaces. Xanthan gum can be used to adjust the viscosity of the formulation [104].
Film-forming agents are indispensable to the formulation in that they can bond together
and evenly wrap around the outside of the seeds. They are polymer composite materials
such as PVA series, PEG macromolecule series, and gum arabic with good air permeability
and water permeability. Colorants such as rhododendron in red are also applied to prevent
from misuse during storage [105].

5. Challenges towards Sustainable Green Adjuvants for Microbial Pesticides

At present, the adjuvants of microbial pesticides are facing many challenges. The
author summarizes the following points:

First of all, adjuvants of microbial pesticides are commonly considered to be inert ad-
juvants without activities. However, some adjuvants may be toxic to non-target organisms
and environment [19]. For example, the U.S. Environmental Agency has conducted toxicity
analyses on more than 2000 kinds of adjuvants, of which 26% are mutagenic, teratogenic,
and carcinogenic (triple effects). They may also have neurotoxicity, endocrine disrupting
effects, and cause harmful reproductive damage [59,106].

Secondly, wettable powder formulations of microbial pesticides on the market are
very popular with the help of adjuvants [91,107]. However, their particles are relatively
coarse, which is not conducive to coverage of crop surfaces, and absorption and utilization
of crops.

Finally, the production process of suspension concentrations is relatively simple and
cost-effective, but the liquid formulations are not conducive to the storage of microorgan-
isms compared with wettable powders. Drawbacks such as layering, creaming, crystalliza-
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tion, heat storage solidification, room temperature thickening, and short shelf life also need
to be solved during the development of suspension concentrations [71,108].

6. Future Perspectives

The concept of green pesticides has been gradually accepted by the pesticide industry;
consequently, they are actively promoting the use of more environmentally friendly solvents
and substances [12,109]. Compared to chemical pesticides, desirable properties of microbial
pesticides include target specificity, low environmental persistence, and low non-target
biological toxicities [110].

At present, most microbial pesticide adjuvants are very similar to those of chemical
pesticides [111]. It is necessary to establish standard administration systems for various
adjuvants used for microbial pesticides. That is, all adjuvants of microbial pesticides should
be subject to the same risk assessments as that of the active ingredients.

Since the active ingredients of microbial pesticides are microorganisms, the effects
of adjuvants on the survival and proliferation of the microorganisms should be consid-
ered [59]. That is, biocompatibility between the adjuvants and microorganisms used for
microbial pesticides should be determined in storage periods. The effects of adjuvants
on the proliferation of microorganisms in crop fields should also be investigated after the
application of microbial pesticides.

Focus should also be placed on ensuring adjuvants have stronger adsorption capacity,
higher dispersion performance, and better safety in order to enhance biocontrol efficiency
of microbial pesticides by improving physical and chemical properties of adjuvants.

Microbial pesticides are key products for the development of sustainable and effi-
cient green agriculture [112]. They will replace highly toxic and highly residual chemical
pesticides with the help of sustainable green adjuvants.
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